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Abstract. In this thesis an ultracold high density target with high loading ﬂux
in combination with a recoil ion momentum spectrometer (RIMS) is presented.
Trapped rubidium atoms serve as a high density target (up to 1011 atoms/cm3) at a
temperature of only 200 µK. The target is loaded from a two-dimensional magneto-
optical trap (2D MOT), which delivers an atom beam with a brilliance of 8 × 1012
atoms/(s · rad) and a longitudinal momentum spread of 0.25 a.u.. The great advan-
tage of this source is that the cold atom beam can be used as a target itself. The
experimental setup, including the RIMS and the targets, are characterized using
one-color two-photon ionization experiments. After the successful commissioning
presented in this thesis the experiment is ready to be connected to the HITRAP
beamline at the GSI Helmholtzzentrum für Schwerionenforschung, where multiple
charge transfer between ultracold atoms and highly charged ions up to bare ura-
nium can be investigated. In a diﬀerent experimental setup, in collaboration with
the KVI in Groningen, the Netherlands, ﬁrst experiments on the energy dependence
of double charge transfer in alkali-ion collisions are preformed. Using RIMS, two
distinct double capture mechanisms, sequential transfer and correlated transfer, are
identiﬁed and the respective diﬀerential cross sections are determined. The eﬀective
interaction time of the collision is varied by changing the projectile’s velocity. At
short interaction times the sequential transfer is dominant, while at longer interac-
tion times the correlated transfer becomes more important.
Zusammenfassung. Diese Arbeit präsentiert ein ultrakaltes Target hoher Dichte
mit schnellen Ladezeiten kombiniert mit einem Ionenrückstoßspektrometer (RIMS).
Magneto-optisch gefangene Rubidiumatome mit einer Dichte von 1011 Atomen/cm3
dienen als Target und werden auf 200 µK abgekühlt. Das Target wird aus einer zwei-
dimensionalen magneto-optischen Falle (2D MOT) geladen, welche einen Atomstrahl
hoher Brillianz (8 × 1012 Atome/(s · rad)) und geringer longitudinaler Impulsver-
breiterung von 0.25 a.u. liefert. Insbesondere eignet sich der Atomstrahl mit diesen
Eigenschaften selbst als Target. Die Targets und das Rückstoßionenspektrometer
werden mittels gepulster Photoionisationsexperimente charakterisiert. Nach der er-
folgreichen Kommissionierung steht das Experiment nun bereit, um an der HITRAP
Strahllinie am GSI Helmholtzzentrum für Schwerionenforschung integriert zu wer-
den, um Mehrfachladungstransfer zwischen ultrakalten Atomen und hochgeladenen
Ionen bis hin zu nacktem Uran zu untersuchen. In einem anderen experimentel-
len Aufbau, in Kollaboration mit dem KVI in Groningen, Niederlande, wurden er-
ste Ergebnisse zur Energieabhängigkeit von Doppelladungstransfer in Stößen zwi-
schen ultrakalten Alkaliatomen und hochgeladenen Ionen erzielt. Mittels Rücksto-
ßionenspektroskopie werden zwei verschiedene Doppelladungstransfermechanismen,
sequentieller Transfer und korrelierter Transfer, identiﬁziert und deren diﬀerenziel-
len Wirkungsquerschnitte gemessen. Die eﬀektive Wechselwirkungszeit des Stoßes
wird durch Variieren der Projektilenergie geändert. Bei kurzen Wechselwirkungszei-
ten dominiert der sequentielle Transfer, während bei langen Wechselwirkungszeiten
der korrelierte Transfer zunimmt.
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Chapter 1
Introduction
The dynamics in many-body atomic systems is not only a fundamental problem
in itself but is of high importance for the understanding of our everyday world
being at the basis of chemical reactions and biological systems. One example of
a many-body quantum dynamical problem is the breakup of a system of charged
particles. The easiest scenario for such a system involving three charged particles
is the electron impact ionization of hydrogen. A theoretical description of this
process giving complete details about the energy and angular distributions of the
two outgoing electrons has, however, been only achieved in 1999 [1]. In contrast to
bound systems, the major challenge in describing collision problems theoretically is
that the wave functions are non-stationary and not localized but extended over all
space including continuum states.
A more complex situation is given when collisions with targets having more than
one electron are investigated where correlations in the electronic structure of the
target atom are revealed. The correlations hamper the theoretical treatment since
the wave functions are not separable any more.
Experimentally, a particularly well suited system for these investigations is the
interaction between highly charged ions and neutral atoms. Using highly charged
ions as a projectile has the advantage that their electronic structure does not need to
be considered since their electrons are bound very tightly. Therefore their probability
of undergoing transitions can be neglected in comparison to the outer electrons of the
target atoms. Depending on the collision energy, diﬀerent processes can take place
in these collisions. These processes are impact ionization, excitation and charge
transfer. Impact ionization is dominant for velocities of the projectile higher than
the orbital velocity of the target’s active electrons. For projectile velocities close to
the orbital velocity of the active electron, excitation occurs. For projectile velocities
lower than the velocity of the active electrons, impact ionization can be neglected
and electron transfer, also called charge transfer or electron capture, is the dominant
process.
In charge transfer the collision of a q-fold charged ion Aq+ with a target atom B
1
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can result in the projectile ion capturing r of the atom’s electrons:
Aq+ + (n0, l0, m0)→ A(q−r)+B(n′, l′, m′) + B(r)+, (1.1)
where (n0, l0, m0) and (n′, l′, m′) are the respective sets of quantum numbers before
and after the collision, with the principle quantum number n, the angular momen-
tum l and the magnetic quantum number m. Electrons are captured into highly
excited projectile states (n′, l′, m′) and decay subsequently into lower energy states
by emission of electromagnetic radiation in the UV- or X-ray range or by Auger
processes.
These many-particle reactions are characterized by fully diﬀerential cross sections,
i.e. cross sections diﬀerential in all observables of the ﬁnal state. A remarkable imag-
ing technique to investigate fragmentation processes in atomic collisions with high
resolution and 4π detection angle eﬃciency is the technique of recoil ion momentum
spectroscopy (RIMS) [2, 3, 4, 5, 6], which has been developed in the past 20 years.
The technique of RIMS relies on measuring the vector momentum of the particles
involved in the collision, originating from a well localized reaction zone. Electromag-
netic ﬁelds guide the fragments onto position and time sensitive detectors. From the
charge state of the ion the multiplicity of the process can be deduced, whereas from
the momentum components of the recoil ion the dynamics of the collision is known.
Basic requirement for this method is a well-deﬁned initial state of the target which
was ﬁrst achieved by cooling the target atoms or molecules in a supersonic gas jet,
where temperatures in the sub-K regime can be reached. The ﬁeld was therefore
called COLTRIMS (COLd Target Recoil Ion Momentum Spectroscopy). However,
due to experimental constraints, the available species are restricted to light noble
gases, i.e. helium, neon and argon.
Another way to provide a cold and localized target is trapping of neutral atoms
in magneto-optical traps (MOT) [7, 8, 9, 10], which is nowadays a standard tool in
atomic physics. By combining near resonant laser light with a magnetic trapping
ﬁeld, atoms can be trapped in a well localized volume and cooled down to the µK
regime, making it a perfect candidate for a RIMS target. In analogy to COLTRIMS,
this ﬁeld has been named MOTRIMS (Magneto-Optical Trap Recoil Ion Momentum
Spectroscopy)[11]. Since many diﬀerent elements can be laser cooled, the available
species used for targets in RIMS are not restricted to light noble gases any more.
For investigation of ionization processes the technique has been extended to the
coincidence detection of the ejected electrons and is called reaction microscope [12,
13, 14, 15].
Providing a laser cooled target thus allows the investigation of projectiles with
target atoms where the participating electrons have diﬀerent principle quantum
2
numbers. Alkalis are of particular interest for investigation of multiple charge trans-
fer between neutral alkali atoms and highly charged ions. Their two outer electrons
have diﬀerent principle quantum numbers allowing to gain insight in the electronic
structure of many-electron atoms. This is in contrast to noble gas targets where the
initial electrons have nearly the same electronic conﬁguration.
In ﬁrst experiments, in collaboration with the group of R. Hoekstra at the sodium
MOTRIMS setup at the Kernfysisch Versneller Instituut (KVI) in Groningen, the
Netherlands, performed at an existing setup, we investigated the energy dependence
in double charge transfer in collisions between highly charged ions and ultracold
alkali atoms, namely in the system O6+ + Na(3s). Double electron transfer leads to
the creation of doubly excited O4+(nln′l′) projectile states:
O6+ +Na([Ne]s1)→ O4+(nln′l′) + Na2+([Ne+]). (1.2)
The results will be presented in chapter 3.
A new high density target for investigation of ion-atom collisions at the HITRAP
beamline at the GSI Helmholtzzentrum für Schwerionenforschung has been devel-
oped in this thesis. This novel source of heavy highly charged ions at low temper-
atures, where ions up to bare uranium will be made available, is currently being
built up. Investigation of charge transfer in collision between these heavy ions and
neutral atoms are planned. Classical over the barrier model calculations show that
the cross sections for multiple electron capture are on the order of 10−15 cm2, being
two orders of magnitude smaller than for single charge transfer [16, 17]. In order
to optimize the signal to noise ratio in these measurements, a target with high den-
sity, high loading ﬂux leading to high repetition rates and low background is thus
indispensable. Therefore, a high density magneto-optical trap in dark SPOT (SPon-
taneous Optical Trap) conﬁguration allowing for densities up to 1011 cm−3 has been
developed in this thesis [18]. It is positioned at the center of a recoil ion momentum
spectrometer and can serve as a target for photons as well as highly charged ions due
to a compact design. In order to ensure a high loading ﬂux while keeping a very low
pressure and thus no background ions in the interaction volume, a two-dimensional
magneto-optical trap (2D MOT) has been implemented in a double-chamber system
[19, 20]. The atoms are precooled in two dimensions in a separate chamber, leading
to a well collimated cold atom beam in the third dimension. At the same time the
atom beam generated by the 2D MOT might be used as a target itself with reduced
density in comparison to targets obtained in supersonic gas jets.
This thesis consists of two parts: On one hand a ﬁrst generation experiment is
upgraded, meeting all the requirements needed for the study of multiple charge
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transfer, and on the other hand the energy dependence in double charge transfer in
collisions between highly charged ions and ultracold sodium atoms is investigated.
An introduction to the working principle of MOTRIMS will be given in chapter
2. The results on double charge transfer in O6+ + Na(3s) are presented in chapter
3. Since the charge exchange experiments will be done at GSI, the whole setup is
modular, compact and transportable. This novel design of the upgraded setup will
be described in detail in chapter 4. The new setup is characterized by non-resonant
two-photon ionization of the rubidium atoms which is presented in chapter 5.
4
Chapter 2
MOTRIMS
Recoil ion momentum spectroscopy (RIMS) is a momentum space imaging technique
for investigation of the dynamics of any collisional system where one of the reactants
is ionized. The gimmick of this technique is that the ionizing partner has negligible
initial momentum such that detection of its recoil momentum components, which
are usually very small, gives full information on the three dimensional momentum
vector. It has been the working horse in atomic physics for the past 20 years,
allowing the investigation of a broad range of projectile beams such as photon-, ion-
and electron- beams with any neutral sample [3, 4, 5, 6]. A very detailed description
on the recent developments, results and details of the working principle in RIMS can
be found in [6]. Furthermore, the emergence of the ﬁeld of laser cooled atoms has
increased the available species which can be used as targets and the combination
of a magneto-optical trap (MOT) with recoil ion momentum spectrometer is called
MOTRIMS [7, 8, 9, 10]. An overview of this ﬁeld can be found in [11].
In the following (subsection 2.1.1) a short introduction into the ﬁeld of RIMS is
given, followed by a description of the kinematics (subsection 2.1.2) and its modes of
operation (subsection 2.1.5). A small discussion on the limitations of this technique
follows in subsection 2.1.6. As will be discussed, a negligible initial momentum
spread of the target atoms is the key element for RIMS. The targets can be either
cooled using supersonic gas expansion which is the basis of COLTRIMS [3, 4, 6, 5,
12, 14, 15], or using laser cooling, leading to temperatures in the µK regime [11].
Diﬀerent state of the art techniques of realizing magneto-optical traps are presented
in subsection 2.2.1. The diﬀerent regimes in a MOT are summarized in subsection
2.2.2.
5
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2.1 Recoil ion momentum spectroscopy
2.1.1 Introduction to RIMS
Recoil ion momentum spectroscopy is used to get insights into the dynamics of many-
body quantum systems which occur during fragmentation induced by collisions of
ions, electrons or photons with atoms or molecules. Atomic and molecular many-
body systems are characterized by the fully-diﬀerential cross section (FDCS), i.e.
the cross section diﬀerential of all observables in the ﬁnal state. This typically
corresponds to vector momenta, spin and internal excitation of all reaction products.
The goal of RIMS is to provide kinematically complete studies of momenta, which
then contain information on the angles and energies of the collision of all involved
particles during the collision, whereas spin is completely neglected.
Traditionally, charge exchange in atomic collisions has been investigated using tra-
ditional electron spectroscopy, i.e. translational energy spectroscopy (TES), Auger
electron spectroscopy (AES) and Photon emission spectroscopy (PES). These meth-
ods rely on determining the inelasticity of the process, the so-called Q-value, which
is the diﬀerence in binding energy of all electrons before and after the collision. In
TES, the Q-value is obtained by measuring the kinetic energy gain or loss of the
projectile which is, in the case of small energy transfers and small scattering angels,
directly equal to the negative Q-value, revealing the ﬁnal state distribution. The
main limits of this technique are that the ﬁnal resolution depends on the initial
kinetic energy spread of the projectiles and that the ﬁnite angular resolution limits
the energy resolution. TES has been used to determine scattering angle-dependent
cross sections and has been applied to atomic as well as molecular gas targets. For
more details refer to the review [21, 22] and references therein. Photon-emission
spectroscopy relies on measuring the spectrum of photon emission which follows the
collision, from which the electronic ﬁnal state distribution directly after the collision
can be determined [23, 24]. Since the wavelength of photons can be measured with
very high precision, this technique allows for very high energy resolution. However,
the solid angle is rather small. Furthermore, the detection of photons implies that
this technique is limited to ﬁnal electronic states which decay via photon emission,
i.e. population of ground state or long-lived Rydberg states. Also conﬁgurations
which decay via electron emission cannot be detected and no information on the
scattering angle is obtained. AES also relies on the recoil ion to further decay by
the Auger process [25].
RIMS, however, relies on measuring the recoil’s momentum vector and is such not
limited in resolution by the initial projectile beam or the population of certain elec-
tronic states. It is based on the coincidence detection of reaction products resulting
6
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from an atomic collision using large-area position sensitive detectors together with
time of ﬂight measurements. From this coincidence detection the charge state as
well as the three-dimensional momentum vector of the recoil ions can be determined
with a 4π solid angle eﬃciency. First generation experiments used extended targets
at room temperature, where the thermal motion of the atoms limited the resolution
(∆E ≈ 40meV) [26, 27]. The detection of the Q-value was implemented in [2, 28].
In the following ten years the resolution was improved to resolutions as good as
∆E ≈ ± 30µeV using a precooled gas for supersonic expansion which was called
COLTRIMS [29, 3]. Further including an electrostatic ﬁeld and focusing the recoil
ions onto the position sensitive detector further improved the resolution down to
∆E ≈ 1.2µeV for a He target [30, 14, 4]. In 1993, R. Moshammer and J. Ullrich
have further developed a so-called reaction microscope, where also the ejected elec-
trons in ionization experiments are detected in coincidence with the recoil ion and
the projectile [12]. It is of great interest in combination with the rapidly growing ﬁeld
of ultrashort high power lasers, which go down to the attosecond regime, and lately
even free-electron lasers. Multi-photon ionization experiments reveal information on
the initial electron wavefunctions and correlations [31, 32, 33].
The target’s initial temperature inﬂuences the ﬁnal resolution and is reduced in
COLTRIMS using supersonic gas expansion. However with this technique, targets
are limited to noble gases of low mass (T ∝ √m, m being the mass of the target
atom) and molecular beams. Laser cooling and trapping developed in the past 20
years provide very localized and cold targets down to the µK regime, extending the
available target elements not only to alkalis1 [10]. Apart from the thus obtained
increased momentum resolution (δp = 0.03 a.u. have been reported in [34]), now
also targets with nonequivalent initial electron conﬁguration become accessible.
Up to date there are several MOTRIMS setups and two reaction microscopes
available: two lithium targets combined with a reaction microscope at the MPI-K
in Heidelberg [35], one sodium target at the KVI in Groningen [36, 37], one cesium
target in Campinas, Brasil [38], one lithium target in Illinois [39, 40] and three
rubidium targets; one in the group of B. DePaola at the Kansas state university
[41], one in the group of X. Flechard [34] and one in the group of M. Weidemüller
at the university of Heidelberg, which will be described in this work. The reaction
microscope in the group of D. Fischer has successfully been implemented in the TSR
storage ring where charge exchange is studied. The one in the group of A. Dorn
is used as a target for coherent radiation in the VUV from the free electron laser
FLASH in Hamburg, where two-electron threshold dynamics in double photoioniza-
tion has been studied [33]. The rubidium targets are used to study electron transfer
1Alkalis are in particular suited for laser cooling due to the presence of a closed cooling cycle.
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in ion-atom collisions [34, 42].
2.1.2 Kinematics of recoil ion production
The kinematics of a collision between two particles is fully determined by the mo-
mentum and energy conservation laws. For two colliding particles, the momentum
conservation can be written as:
PiP +P
i
R = P
f
P +P
f
R +
N∑
j
P
f
el,j +
N ′∑
l
P
f
γ,l, (2.1)
where the superscript i indicates before and f after the collision. The subscripts P
stands for the projectile and R for the recoil ion originating from the target atom,
el and γ for the additional electrons and photons emitted into the continuum during
the collision. The important quantity of the reaction is the momentum transfer
given by:
q = PiP −PfP = (qlong, qtrans), (2.2)
which can be decomposed in the longitudinal and the transversal components, where
the incident projectile beam deﬁnes the longitudinal direction (see ﬁgures 2.1 and
2.2). Due to the symmetry, y and z-directions contain the same information and the
momentum vector can be separated in a longitudinal and a transverse component.
P = Plong +Ptrans (2.3)
Considering the very low initial momentum spread of the target atoms of only
0.017 a.u., PiR can be neglected in the laboratory frame . It follows
PiP,long = P
f
P,long +P
f
R,long +
N∑
j
P
f
e,long (2.4)
0 = PfP,trans +P
f
R,trans +
N∑
j
P
f
e,trans. (2.5)
Thus the momentum transfer can be rewritten:
q = (qlong, qtrans) = (δEP/vP , qtrans), (2.6)
where vP is the projectile velocity in case of an ion-atom collision. Introducing the
very important quantity called the inelasticity of the process, the Q-value which is
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the change in internal energies of the projectile and the target, deﬁned as
Q = Efbind − Eibind, (2.7)
the energy conservation for the same colliding system can be written as:
EiP + E
i
R = E
f
P + E
f
R +Q+
∑
j
ENel,j. (2.8)
Efbind denotes the ﬁnal binding energy of all electrons directly after the collision,
before any deexcitation might occur. The Q-value deﬁnes whether the collision is
endo- or exothermic. Depending on the projectile particle, several assumptions can
be made, leading to easy expressions for the measured quantities. First, the details of
the kinematics arising from pure electron capture in ion-atom collisions is discussed,
followed by a discussion of the kinematics in photon-atom collisions. We follow the
convention using atomic units throughout the whole chapter, which is based on
~ = me = e = 4πǫ0 = 1, (2.9)
~ being Plancks constant devided by 2π, me and e are the electron mass and the
electron charge and ǫ0 is the permitting of free space.
2.1.3 Photoionization
In case of ionization of the target through photoabsorption, depicted in ﬁgure 2.1,
n ·hν +B → B+ + e−, (2.10)
with n photons of frequency ν, each of them carrying energy hν, the energy and
momentum conservation laws can be rewritten (see 2.1 and 2.8)
Pγ +P
i
R = P
f
R +
N∑
j
P
f
el,j, (2.11)
Eγ + E
i
bind = ER + E
f
bind +
N∑
j
Eel,j, (2.12)
where Ebind < 0 is the sum of all binding energies of the electrons before and after
the collision and Eγ = Pγc is the photon energy. Again, the initial momentum of
the target can be neglected, and qlong in equation 2.6 needs to be replaced with the
9
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Figure 2.1: Kinematics in photoionization. The incoming photon with energy hν ionizes
the target atom. The momentum of the photon is small and is neglected after the
collision. Due to momentum and energy conservation the ejected electron e− and the
recoil ion have opposite directions. The energy transferred to the recoil ion is me/mR
times smaller than the energy transferred to the ejected electron. The momentum
of the recoil ion (P fR) can be separated into a longitudinal P
f
R,long and a transverse
P fR,trans component.
photon momentum. The momentum vectors can therefore be written as:
Pγ = (Eγ/c, 0, 0), P
i
R = (0, 0, 0). (2.13)
From the momentum conservation we see that the momentum vectors from the
ejected electron and the recoil ion compensate each other. Taking into account that
the photon momentum is small compared to the particle momenta in the ﬁnal state
(Eγ/c≪ P fR), one can write:
|PfR|2 = |Pfe |2 = 2
memR
me +mR
(Eγ + E
i
bind −Efbind) (2.14)
and one obtains for the energies of the fragments after collision:
ER = 2
me
me +mR
(Eγ + E
i
bind − Efbind) (2.15)
Ee = 2
mR
me +mR
(Eγ + E
i
bind − Efbind). (2.16)
Thus the energy transfer to the recoil ion isme/mR times smaller than to the ejected
electron.
10
2.1. RECOIL ION MOMENTUM SPECTROSCOPY
2.1.4 Pure electron capture in ion-atom collisions
Figure 2.2: Kinematics of pure electron capture in ion-atom collision. The projectile
beam propagates along the x-axis with initial momentum PiP , the target is initially
at rest. After the collision and electron capture from the target atoms, the projectile
now has a momentum of PfP with a scattering angle θP with respect to the initial
propagation axis x. The momentum transferred to the recoil ion can be decomposed
in a transverse PR,trans and a longitudinal PR,long component, which are completely
decoupled from each other (see text).
One application of RIMS is the investigation of the dynamics during charge trans-
fer in ion-atom collision. This process competes with ion impact ionization. For
projectile velocities smaller than the velocity of the electrons orbiting the target
atom, the process of impact ionization is negligible.
In this section the case of pure electron transfer will be discussed. Therefore the
last term in equation 2.8 can be neglected. Typical momenta of the projectile beams
are on the order of a 103 a.u., whereas transferred momenta are on the order of a
few a.u. 2. We can assume that the change of the target’s energy compared to the
initial and ﬁnal projectiles energies can be neglected:
EfR ≪ EiP =
(P iP )
2
2miP
≈ EfP =
(P fP )
2
2mfp
, (2.17)
where miP and m
f
P denote the initial and ﬁnal projectile mass. The change in mass
and total energy of the projectile before and after the collision is only given by the
number of transferred electrons nC and is thus very small such that δmP/miP ≪ 1
and δEP/EiP ≪ 1.
For small momentum transfer, resulting in small scattering angles, we can further
2In the experiments reported on in chapter 3, the transferred momenta are three orders of mag-
nitudes smaller than the momentum of the initial ion beam.
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approximate
P fP,trans/P
f
P,long ≈ θP and P fP,long =
√
2mfPE
f
P . (2.18)
With these assumptions one ﬁnds the important expression for the longitudinal
momentum of the recoil ion (using 2.5):
−δPP,long = −PR,long = Q
vP
− 1
2
·nC · vP . (2.19)
For derivation for the transverse components of the recoil-ion momentum, one starts
from the momentum conservation law (cf. equation 2.1) and makes use of the
fact that the recoil ion has no initial momentum component along the transverse
direction, PiR = 0. Thus P
f
R,trans = −PfP,trans. Further taking into account that the
projectile’s polar scattering angle θP for this reaction is very small, typically on the
order of mrad, it follows (see ﬁgure 2.2):
P
f
R,trans = |PfR,trans| = −P fP,trans ≈ −mP · vP · θP . (2.20)
In case of a pure electron capture the longitudinal and transverse momentum com-
ponents of the recoil ion are thus completely decoupled. From the longitudinal
momentum component, one can deduce the inelasticity of the reaction and the ﬁnal
bound states, whereas from the transverse momentum component, the projectile
scattering angle and for a known scattering potential, the impact parameter can be
deduced.
2.1.5 Reconstruction of the initial recoil ion momentum
Principle
In RIMS, information on the three dimensional momentum distribution is extracted
from a two-dimensional detector image from the recoil ion’s time of ﬂight [43]. A
spectrometer consists of two diﬀerent electric ﬁeld regions (see ﬁgure 2.3): A weak
electric ﬁeld, the so-called extraction ﬁeld, extracts the ions from the collision region
and accelerates them towards a position-sensitive detector. Before the ions hit the
detector, they cross a ﬁeld-free drift region where they expand freely. Two diﬀerent
extraction geometries are possible: longitudinal extraction, of the recoil ion, where
the extraction ﬁeld is parallel to the projectile beam and the longitudinal momentum
component of the recoil ion is deduced from the time of ﬂight. This geometry
requires the use of special ion detectors, including a hole in its center, such that
the detection of the recoil ions is not masked by the projectiles. Another geometry,
which is also used in the current work, is the transverse extraction geometry, where
12
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Figure 2.3: Principle of a recoil ion momentum spectrometer. The recoil ion is extracted
from the collision region by applying a weak extraction field. For transverse extraction,
the projectile beam enters the spectrometer transverse to the extraction field, whereas
for longitudinal extraction, the projectile beam is parallel to the extraction field.
the recoil ions are extracted transverse to the projectile beam. Here, the longitudinal
momentum component, which gives information on the inelasticity of the collision
Q, is proportional to the position X = x − x0, 3 where x0 is the center of the
detector and x is the position where the recoil ion hits the detector. The transverse
momentum component in the y-direction is proportional to Y = y − y0 and the
transverse momentum component in z-direction is proportional to the time of ﬂight.
Since the momentum in X-direction is perpendicular to the extraction ﬁeld, and
thus no force is acting on this component:
plong = m
X
t
, (2.21)
with m being the mass of the recoil ion and t the time of ﬂight. Due to the focusing
characteristics of the spectrometer the spread in time is much smaller than the time
of ﬂight. Thus, using eq. 2.19, it follows:
plong ≈ a‖X = −Q
vp
− nC vp
2
, (2.22)
where a‖ converts the longitudinal momentum to the X-position on the detector.
Due to symmetry arguments, the same holds for the Y -position: ptrans,y ≈ a⊥Y .
Note that the parameter a‖ = a⊥ due to the symmetry of the spectrometer.
The electric ﬁeld in z-direction leads to an acceleration of the recoil ion in this
3For the laser experiments (see chapter 5), only the transverse momenta are of interest.
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direction (a = qEz/m). Thus the situation is more complicated:
t =
−vtrans,z +
√
v2trans,z + 2Lextraca
a
+
Ld√
v2trans,z + 2Lextraca
. (2.23)
vtrans,z = ptrans,z/m, Ld is the length of the drift region and Lextrac is the distance
from the collision region to the end of the spectrometer head. Solving this problem is
not evident since Ez is not constant in the spectrometer head. For an inhomogenuos
ﬁeld an eﬀective ﬁeld Ez,eff has to be assumed. Considering again that the spread in
time of ﬂight is much smaller than the total time of ﬂight t0 = t(vtrans,z) = 0 for ions
without initial momentum in z-direction, equation 2.23 can be expanded around t
and reads
∆t ≈ −vtrans,z
a
⇒ ptrans,z ≈ −b∆t, (2.24)
where b is a constant only depending on the extraction voltage and geometry (b ≈ ma
for a homogeneous ﬁeld).
Example
To give an idea on how the momentum is reconstructed in the experiment at the
KVI, Groningen, in which we participated, an example is given. We use single
charge transfer in the system O6+ + Na(5s). The dataset has been taken by I.
Blank at the MOTRIMS setup at KVI, Groningen, the Netherlands, and will be
further used in chapter 3. Figure 2.4 shows the two-dimensional detector image for
charge transfer with transverse extraction geometry. The recoil ions are detected on
the detector after passing a ﬁeld free drift region. For every recoil ion the position
on the detector as well as its time of ﬂight is measured. As explained above we
can deduce the momentum components from this information. Since the projectile
beam is parallel to the x-axis, the X-component of the recoil ion is proportional
to the longitudinal momentum and thus the Q-value. From the detector image we
can see three diﬀerent channels which correspond to the electrons being captured
into diﬀerent shells in the projectile. Since the Q-values of these channels are well
known this data set can be used for calibration of the detector’s x-axis. The other
two momentum components, namely the Y - and TOF component, are proportional
to the transverse momentum of the recoil ion. Assuming that the spectrometer
has cylindrical symmetry the calibration factor in x-direction is the same as in y-
direction. Due to the cylindrical symmetry of the collision the transverse momentum
in time of ﬂight direction is the same as the transverse momentum distribution in
y-direction. In an ad-hoc assumption the calibration in time of ﬂight direction is
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Figure 2.4: Example for calibration of a recoil ion momentum spectrometer. The data
shows the detector image taken for single charge transfer in the system O6+ + Na(5s),
taken by I. Blank at the MOTRIMS setup at KVI, Groningen. Capture into final states
with different n result in lines along the x-axis which is parallel to the projectile beam.
From the projection of the spectrum onto the x-axis, the longitudinal momentum is
deduced since the energies of the channels are well known.
chosen such that the transverse momentum distribution is circular.
2.1.6 Limitations in RIMS
In order to get a feeling for RIMS, some limitations on the resolution of the system
will be identiﬁed.
Limitations on the inelasticity of the collision
From equation 2.19 the following expression can be deduced for the Q-value:
Q = −vPP fR,long −
1
2
nCv
2
P , (2.25)
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such that the resolution of the inelasticity of the collision is given by:
∆Q =
√((
P fR,long + nCvP
)
∆vP
)2
+
(
vP∆P
f
R,long
)2
. (2.26)
Rewriting leads to [34]
∆Q =
√√√√((P fR,long
mP vP
+
nC
mP
)
∆EiP
)2
+
(
vP∆P
f
R,long
)2
. (2.27)
Since mP v2P ≪ Q, the following approximation is valid Q ≈ −vPP fR,long such that:
∆Q =
√√√√((−Q
2EiP
+
nC
mP
)
∆EiP
)2
+
(
Q
∆P fR,long
P fR,long
)2
. (2.28)
In the experiments considered in this work nC/mP < 10−4 and Q/(2EiP ) < 10
−3,
whereas∆P fR,long/P
f
R,long < 10
−2. Hence, the resolution on the Q-value is only limited
by the resolution on the longitudinal momentum component of the recoil ion:
∆Q =
∣∣∣∣∣Q∆P
f
R,long
P fR,long
∣∣∣∣∣ . (2.29)
Limitations on the determination of the scattering angle
Using equation 2.20, the projectile scattering angel can be rewritten as:
θP = −
P fR,trans
mP vP
. (2.30)
The resolution of the projectile scattering angle is thus given by:
δθ =
√√√√∣∣∣∣∣ δθpP fR,trans
∣∣∣∣∣
2
(∆P fR,trans)
2 +
∣∣∣∣δθpvP
∣∣∣∣
2
(∆vP )2 (2.31)
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and, using EiP = 1/2mP v
2
P , can be rewritten as:
∆θP = |θP |
√√√√(∆P fR,trans
P fR,trans
)2
+
(
∆EiP
EiP
)2
. (2.32)
Since ∆EiP/E
i
P is typically on the order of 10
−3 [6], whereas ∆P fR,trans/P
f
R,trans is at
best 10−2, the resolution on the scattering angle is only limited by the resolution of
the transverse momentum component of the recoil ion:
∆θP =
∣∣∣∣∣∆P
f
R,trans
P fR,trans
∣∣∣∣∣ . (2.33)
2.2 Magneto-optical traps
In magneto-optical traps atoms are cooled and trapped in three orthogonal pairs
of counterpropagating laser beams with circular polarization which intersect at the
zero point of a magnetic quadrupole ﬁeld [7, 8, 9, 10].
2.2.1 State of the art techniques
While the magnetic quadrupole ﬁeld is produced by two magnetic ﬁeld coils in anti-
Helmholtz conﬁguration, diﬀerent techniques for producing the three counterprop-
agating laser beams are standard. The most common geometry is six laser beams
arranged such that they form three mutually perpendicular standing waves which
intersect at the zero point of the magnetic ﬁeld. Each beam passes a quater wave-
plate prior to the trapping volume such that the necessary polarization is obtained.
An alternative to the six beam MOT, which is more convenient when the available
laser power is limited, is a three beam MOT in retro-reﬂected conﬁguration. In this
case a single beam is provided for the three dimensions, passing a quater waveplate
prior to the trapping volume. Instead of shining in counterpropagating beams they
are now provided by retroreﬂecting the beams in all three directions. After the trap-
ping volume the beams pass a second quater waveplate, such that the light is again
linearly polarized before being reﬂected on mirrors. They pass the quater waveplate
again, such that the light has circular polarization again. One drawback of the three
beam MOT as compared to the six beam MOT is that some of the incoming light
is absorbed by the atom cloud and lost at the additional optical elements such that
the retroreﬂected beam has reduced intensity.
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A phase-stable MOT can be obtained using only one single laser beam being
reﬂected such that all necessary beams for a MOT are present. This principle is used
in a pyramidal MOT [44]. A single wide laser beam is incident on a hollow mirror
having the shape of a pyramid, such that three pairs of counterpropagating beams
are automatically produced. When the incident laser beam has σ polarization,
each reﬂection from the two sides of the mirror generates two counterpropagating
transverse beams with opposite polarizations (see ﬁgure 2.5). After two reﬂections
of the incident beam a beam with opposite polarization as the incoming beam is
produced, such that in every point of the pyramidal hollow region there always exist
three pairs of counterpropagating beams with the needed polarization conﬁguration
for a MOT. One important application of the pyramidal MOT is found in the ﬁeld
of micro chips, where the pyramids can be directly etched into the silicon waver
such that only a magnetic quadrupole ﬁeld but no further optics is needed for the
MOT. Recently, it has been proposed to use a pyramidal conﬁguration for realizing
a compact cold atom gravimeter [45].
Another type of MOT, in particular of interest for implementing MOTs on atom
chips, is the mirror MOT [46] which is used to prepare ultracold atoms near the
surface of the chips. Instead of the usual six laser beams only four beams, two of
which are reﬂected on the mirror surface of the close-by substrate, are used. The
corresponding magnetic trapping ﬁelds are produced by wires on the chip.
z
y
x
Figure 2.5: Working principle of a pyramidal MOT. The incoming laser has a σ polariza-
tion, each reflection from the two sides of the mirror generates two counterpropagating
transverse beams with opposite polarizations.
18
2.2. MAGNETO-OPTICAL TRAPS
2.2.2 Different regimes in a MOT and density increase in a
dark SPOT
As discussed in [47] a MOT in steady-state, i.e. in a dynamical equilibrium between
capture and loss processes leading to a constant number of atoms, can be divided
broadly into four regimes. For a small number of atoms, the density is low and
multiple scattering between the captured atoms can be neglected. This regime is
called ’temperature limited regime’. At higher numbers of atoms rescattering among
the trapped atoms is non-negligible, this is called the multiple scattering regime. In
this regime the reabsorption of the trap light by trapped atoms results in an outward
directed force on the atoms which counteracts the compressive magneto-optical force
[47, 48, 49]. When the nonlinearity of the spatial dependence of the trapping force
becomes important, the trap enters the ’two-component’ regime. Finally, when there
are too many atoms in the trap it becomes optically thick. This regime is discussed
in [50]. In the following we look at the temperature limited regime and the multiple
scattering regime in more detail, closely following the discussion in [51]. More details
can be found in [47]. In particular we will discuss how a magneto-optical trap in
dark spontaneous optical trap (dark SPOT) conﬁguration, where the repumper is
blocked at the center of the trap such that the atoms fall in a dark state for the
cooling light, leads to an increase in density [18].
In the temperature limited regime, the interaction between atoms via re-scattering
is insigniﬁcant and the trap volume density is deﬁned by the temperature and an
eﬀective spring constant κ. κ is deﬁned as the negative of the gradient of the force
at the origin. The atomic spatial and momentum distributions are close to Gaussian
and can be characterized by the temperature and the trap radius rx,y,z along each
spatial direction, given by the equipartition theorem:
1
2
κi iri =
1
2
kBT. (2.34)
κi i is the eﬀective spring constant tensor. As the total number of atoms N in this
regime is independent of the radius, the trap density is given by:
nT =
N
2(
√
2π r)3
(2.35)
In this regime, the ultracold gas is compressible as n can be increased by higher
spring constants κii, e.g. due to a stronger magnetic ﬁeld gradient. In a dark
SPOT, atoms spend only fractions of their time in the upper state which decreases
the spring constant κ by p, eﬀectively leading to a decrease in atom density as more
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atoms are transferred to the lower state. The density is then given by:
nDST =
N
(
√
2π)3
(
κ
kBT
)3/2
p3/2 . (2.36)
In larger, standard MOTs the interaction between atoms by reabsorption of scat-
tered trap light plays an important role and limits the density to typically 1010
atoms/cm3. Townsend et al. [47] give a scaling law for the density dependence in
this density limited (DL) regime on various trapping parameters.
nDL = CDL
κ0
λ~Γ
b
b0
δΓ
Ω2
1
2
, δ < 2Γ (2.37)
where CDL (∼ 50) is a dimensionless constant, κ0 is an experimentally measured
proportionality factor for the spring constant, b/b0 is the magnetic ﬁeld gradient
in units of G/cm, Γ is the natural line width and Ω the trap light Rabi frequency.
The density here is proportional to the eﬀective spring constant, which is reduced
in a dark SPOT as p drops. The density limitation by re-scattering, however, is a
two-body eﬀect which scales with the square of p resulting in an eﬀective inverse
proportional relation of nDL and p,
nDSDL =
nDL
p
(2.38)
which causes the density increase in the dark SPOT.
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Double charge transfer in ion-atom
collisions
This chapter reports on experiments on double charge transfer in the system O6+
+ Na(3s), performed in collaboration with the group of R. Hoekstra at the KVI
(Kernfysisch Versneller Instituut) in Groningen, the Netherlands, where for the ﬁrst
time the energy-dependence of double electron transfer in alkali-ion collisions is
investigated [52]. The results can be compared to double charge transfer in helium-
ion collisions which has been subject to intense investigation by several groups in
the past 20 years [53, 25, 54, 55, 56, 57, 58, 59, 60]. In helium, the electrons are
bound in the same shell, as compared to alkalis, where the two outer electrons are in
diﬀerent shells leading to an asymmetric electron conﬁguration in the target atom.
In the ﬁrst section an introduction to the ﬁeld of double charge transfer is given.
The KVI-MOTRIMS setup will shortly be summarized in section 3.2, only including
the most important features. A more detailed description can be found in [37]. The
experimental results and their discussion follows in section 3.3.
3.1 Double Electron Transfer
Interactions between highly charged ions and neutral atoms are of interest for the
fundamental understanding of plasmas and stellar formation. Moreover, it is an
interesting system in itself, since it allows for studies of dynamics in quantum-
mechanical many-body systems. Depending on the interaction energy of the ion-
atom system three diﬀerent processes occur: for projectile velocities higher than the
orbital velocity of the active electrons, impact ionization is dominant, for projectile
velocities close to the orbital velocity of the active electron, excitation or resonance
phenomena might occur, whereas for projectile velocities lower than the velocity of
the active electrons impact ionization can be neglected and electron transfer is the
dominant mechanism. However, also the projectile charge state needs to be taken
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into account. In a classical picture, electron transfer can occur when the potential
barrier between the projectile and the target is lower than the ﬁrst ionization energy
I1 of the target atom, i.e. when the total energy of the active electron is negative
with respect to the projectile, which occurs at a critical internuclear distance. This
distance depends on the charge state q of the projectile and is the case for vP <
q1/4
√
I1 [61, 62]. The electronic structure of atoms with multiple electrons still lacks
a full theoretical description from ﬁrst principles since the total wavefunction is not
separable. In order to understand these interactions, electron transfer of more than
one electron is of particular interest, since correlation eﬀects can be studied.
The transfer of two electrons in collisions of highly charged ions and atoms results
in the creation of doubly excited nln′l′ projectile states:
Ar+ + B(n0l0n
′
0l
′
0)→ A(r−2)+(nln′l′) + B2+. (3.1)
n0l0n
′
0l
′
0 are the quantum numbers of the transferred electrons bound in the target
atom prior to the collision. Depending on the ﬁnal n states, the projectile can then
stabilize in diﬀerent ways, either through photon emission, leading to true double
capture (TDC) or it can be ionized through an Auger decay, where one electron is
ejected to the continuum leaving a doubly-charged target while the projectile only
retains one captured electron (known as transfer ionization TI or autoionizing double
capture). In the past two decades double-charge transfer between highly charged
ions and noble gas targets, mostly helium targets, has been studied extensively
[63, 25, 64, 62, 65, 56, 58, 57, 60]. One general ﬁnding was that after the collision the
projectiles with electrons in a symmetric or close to symmetric state (n ≈ n′) tend to
autoionize rapidly, while projectiles which captured electrons in a very asymmetric
state (n≪ n′) are more likely to stabilize radiatively.
Understanding these diﬀerent population mechanisms led to a large debate in
the literature [64, 65, 58, 60]. In particular for ions colliding with noble gases the
population of doubly excited states with quite diﬀerent n values seems to occur
through a correlated transfer excitation, involving electron-electron interaction, as
opposed to transfer in symmetric states, which happens in a two-step monoelectronic
transfer, where one electron is transferred at a time, at a crossing of the initial
channel and a single-capture curve or at a crossing between a single- and a double
capture curve.
All these experiments used supersonic gas jet targets, limiting the available atomic
targets to noble gases, such that the study is limited to electron capture involving
two equivalent electrons. The advent of cold atom targets renders the study of
electron capture for non-equivalent electrons possible [11]. Here, magneto-optical
trapped atoms are used as targets. Due to the electronic structure of alkalis, having
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Figure 3.1: Sketch of ion-atom collision leading to double charge transfer in the system
O6+ + Na(3s) with projectile energy vP and impact parameter b. The x-component,
plong, is proportional to the Q-value, also called inelasticity of the collision, while the
y- and z-components are proportional to the scattering angle θ and thus the transverse
momentum ptrans of the recoil ion.
Na+ Na2+ Na3+
Q-value [eV] -4.3 -21.1 -28
Rin [a.u.] 31.2 5.1 4.3
σ [10−16cm2] 400 3.1 2.0
Table 3.1: Q-value, capture radius and total cross sections for up to three electron transfer
estimated using the classical over the barrier model for the investigated system O6++
Na(3s) for a projectile energy of 6.75 keV/amu.
a closed cooling cycle, alkalis can be cooled and trapped easily in MOTs. Nowadays a
whole zoo of diﬀerent elements, not limited to alkalis, has been successfully trapped.
The ﬁrst experiment on transfer of two nonequivalent electrons has been performed
by S. Knoop with the system O6+ + Na(3s) at a collision energy of 7.5 keV/amu
[52]:
O6+ +Na(1s22s22p63s1)→ O4+(nln′l′) + Na2+(1s22s22p5). (3.2)
A sketch of the collision is shown in ﬁgure 3.1.
Using the classical over the barrier model (see appendix A) estimates on the
expected cross-sections, Q-values and capture radii are made for up to transfer of 3
electrons and summarized in table 3.1. Due to the large diﬀerence in binding energy
of the two outer electrons, the diﬀerence in the presented values is large. The cross
sections for double charge transfer are expected to be two order of magnitude smaller
than for single charge transfer. Also, the capture radius is reduced from 31 a.u. to
only 5 a.u., leading to much larger transverse momenta.
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In order to gain more insight into the dynamics of the double electron transfer
of two nonequivalent electrons, we have extended this measurement to a larger pro-
jectile energy range. By changing the projectile’s velocity, the eﬀective interaction
time can be varied and dynamics during the charge transfer can be investigated.
3.2 Sodium target MOTRIMS setup
This section presents the MOTRIMS setup at the KVI in Groningen where the
experiments have been performed. A detailed description of the setup can be found
in [37], in this work only the most important features of the experiment will be
summarized, following the diploma thesis of I. Blank [17].
3.2.1 Laser system and magneto-optical trap for sodium
atoms
Figure 3.2: Hyperfine level splitting of the D2 line of Na. The cooling laser is 20 MHz
red-detuned to the F = 2 → F ′ = 3 transition. The repumper pumps atoms from the
F = 1 ground state, which cannot be addressed by the cooler, to the F ′ = 2 excited
state and thus back to the cooling cycle.
Sodium can be trapped in a magneto-optical trap rather easily since it has a closed
transition on the D2 line, which is used for cooling. Due to the nuclear spin of 23Na,
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I=3/2, the 32S1/2 ground state splits into two hyperﬁne sub-levels F = 1 and F = 2
and the excited state 32P3/2 splits into four substates F ′ = 0, 1, 2 and 3. The energy
level scheme is shown in ﬁgure 3.2. The cooling beam is 20 MHz red-detuned from
the F = 2 → F ′ = 3 transition. Since the energy level splitting of the excited state
is of the same order of magnitude the atoms can also be excited non-resonantly to
the F ′ = 2 state. From this state the atoms decay to the F = 1 ground state,
which is a dark state for the cooling light. These atoms are pumped back into the
cooling cycle by the repumper, which is resonant to the F = 1 → F ′ = 2 transition.
Furthermore, due to the degeneracy of the substates of (2F + 1) statistically 3/8 of
the atoms are initially in the F = 1 state. The repumper also pumps these atoms
into the cooling cycle.
In the setup at the KVI all necessary beams are provided by a single single-
frequency ring dye laser (Model 380D, Spectra-Physics, Rhodamine 6G dye) [66]
which is pumped by a solid state cw laser (Millennia Vs, Spectra-Physics). A beam
splitter is used to split oﬀ 1% of the beam intensity which is fed into the Stabilok
locking system (Spectra Physics model 388 and controller) and the saturated spec-
troscopy to lock and monitor the frequency. The Stabilok uses interference fringes
from a Fabry-Perot etalon for the frequency stabilization. An external frequency sta-
bilization using saturated absorption spectroscopy is used to lock the laser frequency
more steadily about 80 MHz red-detuned from the F = 2 → F ′ = 3 transition.
The pump laser is operated at an intensity of 4.0 W which leads to an output
power of the ring dye laser of 300 to 400 mW at 589.6 nm, i.e. the D2 line of Na.
The main part of the beam passes an 1720 MHz electro-optical modulator (EOM)
to modulate sidebands on the laser. The ﬁrst order, shifted 1720 MHz to the blue,
is used as the repump beam, while the zeroth order is used as the cooling beam.
Both beams are transported to the chamber using a polarization maintaining ﬁber
where they are coupled out and split up into the necessary beams.
The sodium atoms are provided by an oven usually operated at 150°C. In order
to increase the number of slow atoms from the oven, a far red-detuned laser beam
counterpropagates the atom beam. These atoms are trapped in a retroreﬂected
MOT which typically consists of 106 atoms in a volume of 1-5 mm3 [37]. However,
no measurements of the atom number, density or temperature are available for the
data presented in this work. In order to create the cooling beam for the oven and
the trapping beam for the 3D MOT the beam passes two AOMs after outcoupling of
the ﬁber. The ﬁrst-order diﬀracted beam of AOM1 is used for trapping after being
split up into three beams by polarizing beam splitters. The zeroth-order passes a
second AOM, which is only used for switching (see ﬁgure 3.3). Due to the locking
scheme the zeroth order is still red-detuned by 80 MHz to the cooling transition and
counterpropagates the atom beam from the oven to provide cooling.
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Figure 3.3: Schematics of AOM arrangement at KVI. Part a) shows the splitting of the
beam into cooling and trapping beam (MOT) and longitudinal cooling beam (Oven).
The beam for excitation is not used in the experiment. Part b) shows the detunings
of the beams and c) shows the switching of the light. Taken from [37].
The magnetic quadrupole ﬁeld for the MOT is created by water cooled coils in
anti-Helmholtz conﬁguration with 20 windings each. Applying a current of 80 A
leads to a magnetic ﬁeld gradient of 30 G/cm. In addition, two pairs of Helmholtz
coils are used as steering coils (30 windings, 2 A) to move the MOT cloud 2 mm
in y- (horizontal, perpendicular to the ion beam axis) and z-(vertical) direction to
optimize the overlap with the projectile beam. The pressure in the vacuum chamber
is of the order of 10−9 mbar at an oven temperature of 150°C.
3.2.2 Electron cyclotron resonance ion source
The projectile ion beam is provided by a homebuilt 14 GHz CAPRICE-type Electron
Cyclotron Resonance Ion Source (ECRIS), where multiply charged ions are created
by sequential electron impact ionization. For more details refer to [67].
The source can be ﬂoated up to 26 kV. This voltage deﬁnes the velocity of the
projectile ions. However, during the run of this experiment the source produced
sparks already at a voltage of 23 kV, and therefore 8.25 keV/amu is the highest
projectile velocity obtained1. The ions are extracted by a movable puller lens. After
the extraction a 110° magnet is used for mass-over-charge-ratio selection. Afterwards
the ions are focused by three magnetic quadrupoles and 45° bending magnets lead
the ion beam to several experiments positioned along the beam line. Before the
1For the experiments reported on in this work only O6+ is used.
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MOTRIMS experiment the beam is again focused by two magnetic quadrupoles and
passes four diaphragms. The ﬁrst diaphragm is placed 81 cm before the collision
center. Between ﬁrst and second diaphragm, which has a diameter of 1 mm, a
beam deﬂector provided by a plate capacitor is placed. A high voltage pulse can be
applied to one of the capacitor plates of the deﬂector, which sweeps the beam over
the second diaphragm creating a pulsed beam. The two additional diaphragms, both
having a diameter of 1 mm, are used to achieve better collimation of the projectile
beam. The voltages on the deﬂector plates have been adjusted during the experiment
depending on the projectile energy. Thus the shape, the temporal distribution and
the size of the projectile beam at the collision center might vary slightly for diﬀerent
measurements and is unknown. After crossing the chamber the projectile ions are
collected in a Faraday cup where the current is measured. For diﬀerent projectile
velocities the ion beam currents in continuous mode vary between 85 and 43 nA,
dropping by three orders of magnitude when being switched.
3.2.3 Recoil ion momentum spectrometer
The projectiles collide with the target atoms at the center of a recoil ion momentum
spectrometer. After the collision the recoil ions are extracted by a transverse ex-
traction ﬁeld and detected by a two-dimensional position sensitive detector shown in
ﬁgure 3.4. The recoil ions from the MOT are accelerated in a 7 cm long extraction
ﬁeld after which they freely propagate in a 41 cm long ﬁeld-free drift region before
being detected on a position sensitive detector. In order to create the extraction
ﬁeld the push electrode plate is set to a positive voltage UPush, while the drift tube
is on a negative voltage UDrift, as shown in ﬁgure 3.4. In order to focus recoil ions
starting from diﬀerent positions but with same momentum onto the same spot on
the MCP an additional three ring electric lens is included in the extraction region.
Each of the ring electrodes can be set on diﬀerent voltages U1, U2 and U3. For
the detection of Na2+ recoils following voltages have been applied: UPush = +8.1V ,
UDrift = −19.6V , U3 = −13.6V , U2 = −14.8V and U1 = +2.0V . The spatial distri-
bution of the recoils on the MCP is detected by a two-dimensional delay-line anode
(DLD40) from Roentdek [68]. A detailed description on the working principle can
be found in 4.6.3. With a TDC resolution of 133 ps per time bin, the bin to position
conversion factor of 0.09 mm/bin or 11 bins/mm is obtained for this detector.
3.2.4 Switching schemes
The timing sequence used in the experiment to measure the Na2+ spectrum is shown
in ﬁgure 3.5. At the beginning of each duty cycle, the magnetic trapping ﬁeld is
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Figure 3.4: Schematic of the Na MOTRIMS setup at the KVI in Groningen. The target
atoms are trapped inside the spectrometer. Recoil ions are extracted perpendicular
to the incident projectile ion beam (transverse extraction) and detected on a two-
dimensional position sensitive detector. The electric field is generated by applying a
voltage UPush to the pushing plate and a voltage UDrift to the drift tube. The voltages
U1, U2 and U3 can be applied independently. Adapted from [37].
switched oﬀ for 5 ms in which the collisions take place. The switching of the magnetic
trapping ﬁeld is necessary to avoid distortion of the trajectories of the recoil ions,
which would lead to a reduction in the resolution. After a delay of 1 ms, taking
into account the ﬁnite switching time and eddy currents of the magnetic ﬁeld, the
projectile beam is swept across the second diaphragm every 70 µs. Only every
second ion pulse triggers the experiment. This leaves time for 28 sweeps. After 5
ms the magnetic ﬁeld is turned on again for 10 ms in order to allow the MOT to
restore itself and the cycle is repeated.
Due to measurements from [37], revealing that the atom number does not decrease
signiﬁcantly for 10 ms when the trapping lasers are left on during turn oﬀ of the
quadrupole ﬁeld, the cooling and trapping lasers are not switched with the magnetic
quadrupole ﬁeld. Instead the lasers are switched oﬀ with a variable delay ∆T = 40
- 50 µs before the ion beam is swept across the atom cloud (falling edge of the TTL
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Magnetic trapping field
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TTL for deflector plate
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TTL for deflector plate
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Figure 3.5: Switching scheme of the magnetic quadrupole field, the projectile ion chopper
signal, the cooling lasers and the TDC trigger signal. The magnetic trapping field is
switched off for 5 ms, every 70 µs the ion beam is swept across the second diaphragm
leaving time for 28 sweeps. The ion beam interacting with the atom cloud is produced
at the falling slope of the TTL for the deflector plate. The trapping light is switched
off for 50 µs with a variable delay ∆T prior to the atom-ion interaction. The Na2+
recoil ions hit the detector after a time of flight of about 29 µs after the falling slope of
the chopper signal. The gray bars indicated the times during which Na+2 ions produced
in the MOT are detected (TOF = 55 µs). Note the different time scales for magnetic
field and laser beam switching.
for the deﬂector plates). In the experiment ∆T is adjusted to account for diﬀerent
traveling times of the projectiles from the deﬂector plates to the collision region at
diﬀerent projectile velocities and is adjusted such that the recoil ions are recorded
within the time window of the TDC. Switching oﬀ the trapping light is necessary
for the following two reasons: First, all target atoms should be in the ground state
during the collision. Second, the Na+2 molecules
2, which are produced in sodium
2For simplicity, these molecules produced by associative ionization will be called MOT molecules
in the following.
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MOTs via associative ionization of the excited Na atoms [69],
Na∗(3p) + Na∗(3p)→ Na+2 + e−, (3.3)
should already have reached the detector before the spectrum of the Na2+ ions
is recorded. The time for the atoms to decay back into the ground state can be
neglected compared to the time of ﬂight of the Na+2 ions, which is about 55µs. The
recoil ions produced in the collision with the projectiles, Na2+, have a time of ﬂight
of only 27 µs (cf. ﬁgure 3.5). In order to avoid MOT molecules in the recorded
spectra the trapping lasers are thus switched oﬀ early. A delayed signal from the
TTL for the deﬂector plates is further used to provide an external stop to the TDC
which delivers the TOF information. After 50 µs the trapping light is switched back
on for 90 µs such that the MOT can restore itself.
3.2.5 Data acquisition
Position of the recoil ions on the detector are recorded using a delay-line anode. This
delay-line detector is read out by a TDC. The delay-line signals are labeled X1, X2,
Y1 and Y2. A scheme of the data acquisition is shown in ﬁgure 3.6. The start of the
TDC is provided by one of the delay-line signals, X2, such that a measurement is
only started when an actual ion signal is detected. The other three delay-line signals
X1, Y1 and Y2 are used as stops. A fourth stop is given by the delayed signal which
switches the deﬂector plates providing the pulsed ion beam. In order to ensure that
the start signal always arrives before the stop signals, all stop signals are delayed.
The TDC is read out by a C++ based program (CoboldPC: Computer Based Online
and Oﬄine Listmode Dataanalyzer [68]) which reassigns the coordinates as follows:
X1 = x1, deﬂector signal = x2, Y1 = y1, Y2 = y2. In this conﬁguration one spatial
coordinate is directly given by X = −x1. The other spatial coordinate is obtained
from the diﬀerence of two signals of corresponding ends of the delay-line Y = y2−y1.
The time of ﬂight is given by the signal triggering the deﬂector plates T = −x2. It
is delayed by 27.5 µs such that it always arrives after the Na2+ recoil ions, which
initialize the TDC, and have a time of ﬂight of 27 µs.
Due to the transverse extraction geometry used in the spectrometer at KVI, the
measured recoil ion spectra are translated into physical quantities as follows: The
X-position on the detector, which is parallel to the projectile beam, is directly
proportional to the longitudinal momentum transferred to the recoil ion. As we saw
in subsection 2.1.5
plong = a‖X. (3.4)
Thus a constant links time bins to the longitudinal momentum in a.u.. The energy
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Figure 3.6: Scheme of the data acquisition of the delay-line and the TDC: In order to
reduce the amount of false start signals, the TDC is started only when a signal is
recorded by the delay-line (X2). The other three delay-line signals X1, Y1 and Y2
are delayed, indicated by blocks, which ensures that the start signal always arrives
before the stop signals. An external trigger signal, which is derived from the signal
that triggers the ion beam pulse, serves as the forth stop signal. The times x1, x2, y1
and y1 measured with the TDC is read out by a PC using the program CoboldPC,
which converts the signals into positions X and Y on the detector and time of flight
T . Taken from [37].
transferred, the Q-value, is obtained from equation 2.19:
Q = vP (plong + 0.5nCvP ), (3.5)
with nC being the number of electrons captured. The conversion factor a‖ is obtained
from a single-charge transfer spectrum where the main capture channels are well-
known [37]. The obtained conversion factor then scales with the square root of the
recoil-ion’s charge state. The charge state gives the conversion for the X-component
of the recoil ion of 12.6 time bins = 1 a.u..
The time of ﬂight and the Y -position of the recoil ions on the detector trans-
late to the transverse momentum components of the recoil ions. Assuming perfect
cylindrical symmetry of the detector the same conversion factor a‖ obtained for the
longitudinal momentum component is used for conversion of the Y -position to the
corresponding transverse momentum component. For the time of ﬂight no direct
calibration was made in the experiment. The conversion factor is thus chosen such
that the transverse momenta have the same magnitude in time of ﬂight and Y -
direction. This ad-hoc assumption is a priori not justiﬁed and leads to a systematic
error which cannot be determined.
Using this data acquisition scheme, a raw 2 dimensional detector image as shown
in ﬁgure 3.7 is obtained. As we saw in subsection 3.2.4, Na+2 molecules are con-
stantly produced in a Na MOT by associative ionization by the cooling beams [69].
Following the switching scheme discussed above, we still record MOT molecules in
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all recoil ion spectra. The origin of this peak is not understood. However, since these
molecules are produced from previously trapped atoms3, they have almost no initial
momentum and can thus be used to determine the origin of the momentum distri-
butions in the longitudinal and transversal Y -direction. Using a spectrum obtained
only from ions from a MOT, a two-dimensional Gauss ﬁt on the two-dimensional
distribution of the MOT molecules has been performed. It has been veriﬁed that the
position of this peak does not change in the presence of the ion beam and for diﬀerent
projectile velocities. Using recoil spectra from ions produced in the MOT, the zero
of the momentum for the Y -component has been determined to be −97.925 bins
and 333.55 bins for the X-component. Assuming a perfectly round MOT and a
cylindrical symmetric spectrometer leads to a round projection of the MOT ions
on the detector. The diﬀerence in 1/e2-width of the Gaussian ﬁt has been used to
determine the error on the calibration of the Y -component and has been determined
to be 10 %. For the time of ﬂight component, the time which corresponds to zero
momentum is found by ﬁtting a Gaussian to the TOF distribution.
3.3 Experimental results
In this section the experimental results on the energy dependence in the process of
double charge transfer in the system O6+ + Na(3s) obtained at the KVI in Groningen
are presented. The measured Na2+ recoil ion spectra are presented and discussed.
3.3.1 Determination of the inelasticity of the charge transfer
The data set consists of seven measurements at extraction energies ranging from
22 kV down to 10 kV, covering almost a factor of two in the velocity of the pro-
jectile, from vP = 0.58 a.u. down to vP = 0.39 a.u.. The obtained data will be
discussed based on one exemplary data set obtained for projectile energies of EP
= 6.75 keV/amu. The analysis of the data obtained for the other energies is done
accordingly.
The two-dimensional detector image shows the projection of the three-dimensional
data onto the xy-plane. The third dimension is the time of ﬂight component, which is
proportional to one of the transverse momentum components. The second transverse
momentum component, ptrans,y, is obtained from the Y -position of the recoil ion on
the detector and the Q-value is obtained from the X-position of the recoil ion, which
is parallel to the propagation axis of the projectile beam. For comparison, two raw
3This peak must originate from the MOT since it disappears when the magnetic quadrupole field
and the trapping lasers are switched off.
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Figure 3.7: Raw detector image obtained with the delay line at the MOTRIMS setup
at KVI for vP = 0.52159 a.u. (a) and vP = 0.3887 a.u. (b). The peak originating
from molecules produced in the MOT is seen. For lower projectile velocities the cross
section for double charge transfer decreases, leading to longer measurement times and
thus larger background. The counts at the edge of the detector are hot spots.
data sets are shown in ﬁgure 3.7, one for high projectile velocity vP = 0.52159 a.u.
and one for a low velocity vP = 0.3887 a.u..
In contrast, a sample of a two-dimensional detector image for vP = 0.52159 a.u.
showing the region of the detector plane used for further evaluation is depicted
in ﬁgure 3.8. The raw data shows two lines in Y -direction which correspond to
population of diﬀerent states in the projectile. The lines do not lie in the center
of the detector since the recoil ions did not hit the detector at its center. For the
conﬁguration of the spectrometer used in the experiment, recoil ions with large
negative momentum components are not projected onto the detector and are thus
not recorded. In order not to underestimate the channels with large transverse
momenta, only the recoil ions with ptrans,y > 0 a.u. are used for further data analysis.
This is justiﬁed since the negative transverse components are the same as the positive
ones due to the cylindrical symmetry (see section 2.1.2). The remaining edges of
the detector show artifacts which are due to the detector and are not included in
the further analysis. The zero momenta for this data is obtained from the 2D ﬁt on
ions resulting from MOT ions (see subsection 3.2.5).
For low projectile velocities, one line appears at Y = 0 which originates from
non-perfect adjustment of the CFD and are ﬁltered out in the data analysis. The
peak of the MOT molecular ions can be seen in both raw detector images, lying
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Figure 3.8: Two-dimensional detector image containing the data taken at a projectile
energy of 6.75 keV/amu and used for further analysis, integrated over time of flight.
Recoil ions with large negative transverse momentum in y-direction are not projected
onto the detector. Due to the cylindrical symmetry only the upper half of the trans-
verse momentum distribution is therefore used for further data analysis.
at Y = -98 bins and X = 333 bins. For lower projectile velocities the total cross
section for double charge transfer is lower such that, in order to get good statistics,
the measurements are longer and thus the background is bigger.
In order to obtain the inelasticity of the double-charge transfer, the data for
ptrans,y > 0 is projected onto the x-axis. The result for the above data set taken at
6.75keV/amu is shown in ﬁgure 3.9. In particular, two main peaks can be distin-
guished: a large population with a Q-value just below 0 and a double peak structure
at smaller Q-values, Q < 30 eV.
Assignment of the experimentally obtained Q-values to the ﬁnal states in the pro-
jectile can be done if the binding energies of the projectile are known. The relevant
Q-values for doubly excited O4+(1s2nlnl′) are taken from [70] and are summarized
in table 3.2. Due to the non-degeneracy of the l-states the Q-values of the corre-
sponding n-states have a certain width.
With this knowledge the diﬀerent channels being populated in the collision and
shown in ﬁgure 3.9 can be assigned: The main peak with Q < 20 eV can be assigned
to the population of the states 3ln′l′, where n′ ≥ 5. The channel corresponding to
transfer ionization with one-electron capture into the O5+(1s23l) state is strongly
suppressed. From this one can conclude that transfer ionization plays a minor role
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Figure 3.9: Q-value distribution for a projectile energy of 6.75 keV/amu. Population into
the asymmetric/symmetric states is shown. The relative cross sections are obtained by
integrating over the Gaussian distributions. The peak with positive Q-values originates
from Na+2 . Also shown are the energy ranges for the corresponding channels (cf. table
3.2), taken from [70].
at this impact energy. The channel 3l4l′ lies between the two main peaks and shows
a small population. The second double peak which occurs at smaller Q-values can
be attributed to the transfer of electrons in the symmetric ﬁnal states 3l3l′ and 3s2.
3.3.2 Transverse momentum distribution
Due to the extraction geometry, both the time of ﬂight and Y -component of the data
are proportional to the transverse momentum distribution. The transverse momen-
tum distribution in time of ﬂight direction is deduced from the signal given from the
deﬂector plate. Since the projectile beam has, depending on the projectile energy,
a time spread of a few hundred ns, the resolution in this direction is poor and the
momentum distribution is smeared out. For the population of the diﬀerent channels
the transverse momentum distributions are plotted in ﬁgure 3.10 for an energy of
6.75 keV/amu. The left graph shows the distribution for charge transfer into the
asymmetric channels (3ln′l′, n′ ≥ 4), whereas the right graph shows the distribution
for transfer into the symmetric states (3l3l′ and 3s2). A histogram of the obtained
transverse momentum distributions is shown in ﬁgure 3.11. The asymmetric chan-
nels show a smaller transverse momentum, which peaks around ptrans = 4.5 a.u.,
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O4+(1s2nln′l′) state Q-value (eV)
2s2 -200
2ln′l′ n’=2 -189 → -164
n’≥3 -132 → -86
3s2 -54
3l3l′ l,l’≥1 -48 → -40
3ln′l′ n’=4 -31 → -22
3ln′l′ n’=5 -21 → -15
3ln′l′ n’=6 -17 → -11
3ln′l′ n’=7 -14 → -9
3ln′l′ n’≥8 -12 → -2
3s n’=∞ -6
4ln′l′ -6 → 22
Table 3.2: Relevant Q-values for doubly excited O4+(1s2nln′l′) resulting from double elec-
tron transfer in collisions of O6+ with Na(3s). The binding energies for O4+(1s2nln′l′)
are taken from [70].
whereas the symmetric channel has a much broader momentum distribution and
peaks at around ptrans = 8 a.u.. Transfer into the asymmetric channels thus leads
to a smaller scattering angle of the projectile (θ = −ptrans/(mvP )) and indicates a
larger impact parameter than the transfer into the symmetric channels. Further-
more, the transverse momentum distribution of the symmetric channels moves to
larger momenta for smaller collision energies.
The investigation of the collisions leading to large momenta transfer suﬀers from
an experimental constraint; the TDC has a ﬁnite time window of only 2.2 µs after
being triggered. For the current conﬁguration of the spectrometer this time windows
corresponds to a total maximum detectable transverse momentum of ±10 a.u.. Since
the transverse momenta originating from the population into the symmetric channels
is partially larger than 10 a.u., data gets cut in time of ﬂight direction. This cut
leads to an underestimation of the population in the symmetric states. In the data
analysis this underestimation thus needs to be corrected for. The details on this
corrections can be found in appendix B.
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(b) Charge transfer into symmetric channels
Figure 3.10: Transverse momentum distribution of Na2+ at 6.75 keV/amu. Depending
on the channels which are populated during the collision, the transverse momentum
of the recoil ions is smaller ((a) population of asymmetric channels) or larger ((b)
population of symmetric channels), indicating a different transfer mechanism.
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Figure 3.11: Histogram of transverse momentum distributions. Shown are the transverse
momentum distributions at 6.75 keV/amu for the symmetric states (black) and the
asymmetric states (red).
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3.3.3 Discussion
The transverse momentum distributions, which are proportional to the impact pa-
rameters, indicate diﬀerent transfer mechanisms for the population of symmetric
states (3l3l′ and 3s2) than for the population of asymmetric states (3ln′l′, n′ ≥ 4).
A simpliﬁed picture can be obtained from Coulomb potential curves and is sketched
in ﬁgure 3.12. The discussion follows the ones in [53, 25, 54, 55, 56, 57, 58, 59, 60].
The entrance channel has zero initial energy. On the way in, the Coulomb potential
curves are crossed at diﬀerent internuclear distances. At each crossing, there is a
certain probability that the crossing channel can be populated. At large internuclear
distances a monoelectronic transition might occur (square). In case of a transfer the
system then follows the single-capture curve until it crosses a double capture curve
at smaller internuclear distances where a second monoelectronic transition might oc-
cur for the second electron (circle). This is a two-step process. Another population
mechanism of the double capture channels, involving a dielectronic process, which
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Figure 3.12: Sketch of Coulomb potential curves indicating different charge transfer
mechanisms. The system enters with zero initial energy. At a crossing with a single
charge transfer curve, an electron has a certain probability to populate this channel
(square), and at smaller internuclear distances a certain probability to populate the
double charge channel (circle). The double capture channel might also be populated
directly (polygon) at smaller internuclear distances. Smaller internuclear distances
lead to bigger transverse momenta of the recoil ion. The double capture channel is
broad due the degeneracy of the different l-states (shaded area). The difference in
energy between the entrance and the exit channel at infinite internuclear distance
corresponds to the Q-value.
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has been denoted correlated double capture (CDC) [25, 64], might also occur di-
rectly at smaller internuclear distances, where the entrance channel crosses directly
the double capture channel (polygon). A third mechanism, known from helium-neon
collisions, is a correlated transfer and excitation mechanism where the channels can
be populated by a two-step process via single electron capture curves similar to
the two step process discussed above. First a monoelectronic transition feeds an
intermediate state n corresponding to a single electron capture channel. Through
electron-electron interaction the second electron is transferred to a second n′ orbital
while the ﬁrst electron is promoted to a higher lying orbital n2 > n [71, 64]. After
the transfer on the way out the system follows the populated channels. The energy
of the populated channel corresponds to the diﬀerence in energy of the entrance
channel and the populated channel at inﬁnite nuclear distance and is given by the
Q-value. The Coulomb potential curves for the system O6+ + Na(3s) are depicted in
ﬁgure 3.13. Population of the symmetric channels might occur in a double electron
capture process at small internuclear distances. As seen from the Coulomb potential
curves in ﬁgure 3.13 (b), the internuclear distance for crossing with the 3l3l′ chan-
nel happens at R = 4 - 5.5 a.u., population into 3s2 at even smaller internuclear
distances of R = 4 a.u..
This can be compared to calculations using the CBM, where electron transfer
is described in a quasi-molecular picture and multiple electron transfer happens in
one step. Furthermore, CBM calculations predict that double electron capture can
only occur for internuclear distances Rin < 5.1 a.u.. In the experiment we measure
a transverse momenta of 8.5 a.u. for high projectile velocities (see ﬁgure 3.11).
The dependence on the transverse momentum on the collision energy as predicted
by CBM is shown in ﬁgure 3.14 (b). At high projectile energies of 6.75 kev/amu,
CBM predicts transverse momenta on the order of 7.5 a.u.. This agrees well with the
transverse momentum distribution we measure in the experiment which peaks at 8.5
a.u.. The CBM predicts higher transverse momenta for lower projectile velocities.
As seen from ﬁgure 3.15 where the transverse momentum distribution for vP =
0.39 a.u. is depicted we measure a higher transverse momentum for lower projectile
velocities for population of the symmetric states, indicating that the transfer into
the symmetric channels is well described by a one step transfer.
The experiment shows that the channels leading to the asymmetric states 3l4l′ and
3l5l′ are at best weakly populated, suggesting that at larger internuclear distances,
R > 7 a.u., two-electron transfer between the entrance channel and the double
capture channel is not likely. This indicates that the asymmetric channels can
only be populated in a two step process. We therefore use the results from TC-
BGM calculations (two-center basis generator mode) [52], calculating the transition
probability as a function of impact parameters for single electron capture for the
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(a) Coulomb potential curves for two-step electron transfer in O6+ +
Na(3s). Due to the strong coupling of the single capture curves n = 6 and n
= 7 to the double charge transfer curves 3l6l′ and 3l7l′ this process is very likely.
0 10 20 30 40
30
20
10
0
10
20
R [a.u.]
E
 [
eV
]
n = 7
n = 6
n = 5
  
 

 
  


(b) Coulomb potential curves for one-step double charge transfer O6+
+ Na(3s). One-step transfer into the double capture curves 3l4l′ and 3l5l′ is
strongly suppressed since the single capture curves are already depleted (see fig-
ure 3.13 a), transfer into 3s2 and 3l3l′ happens at small internuclear distances,
leading to a large transverse momentum transfer on the recoil ion.
Figure 3.13: Coulomb potential curves for O6+ + Na(3s). Depending on the internuclear
distance, the entrance channel crosses single or double capture curves. The crossings
leading to double capture are at smaller internuclear distances, leading to bigger
transverse momenta of the recoil ion. Due to the degeneracy of the l-states, the
double capture curves are broad. The energy difference between the incoming and
outgoing channel is the Q-value.
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Figure 3.14: Estimation of the transverse momentum obtained for different impact pa-
rameters using the CBM (a) and on the transverse momentum distribution obtained
for for double charge transfer in O6++ Na(3s). The transverse momentum distribu-
tion depends on the projectile velocity, shown are the maximum velocity of vP = 0.58
a.u. (solid line), vP = 0.55 a.u. (dashed line) and the minimum projectile velocity
of vP = 0.39 a.u. (solid-dashed line) measured in the experiment.
current system. It is shown in [37] that at internuclear distances of R >10 a.u.,
mainly the states with principle quantum number n = 7 and n = 6 are populated.
As seen in ﬁgure 3.13 (a) these channels couple strongly to the 3l7l′ and 3l6l′ states,
whereas the 3l5l′ and 3l4l′ band are only crossed at smaller internuclear distances
(see ﬁgure 3.13 (b)) and might explain the very strong population of these states, as
seen in the Q-value spectrum; the transfer into the asymmetric states occurs in a two-
step manner, where in a single electron capture ﬁrst the states n = 6 and n = 7 are
populated. Population of 3l5l′ and 3l4l′ is strongly suppressed because of depletion of
the incoming single electron captures at larger internuclear distances. The crossing
of the potential curves at large internuclear distances resulting in a small transverse
momentum which is also measured in the experiment for the population of the
asymmetric states.
These data can be compared to helium-ion collisions, where the prominent channel
is the population of a symmetric ﬁnal state, being populated in a two-step transition.
In sodium-ion collision, we found the opposite behavior; population of symmetric
ﬁnal states seem to happen in a one step transition. The reverse ﬁnding for Na
as compared to He collisions is not surprising, since in case of He two equivalent
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Figure 3.15: Histogram of transverse momentum of recoil ions at low projectile velocities
of vP = 0.39 a.u.. Compared to higher projectile velocities (figure 3.11), the transverse
momentum component of recoil ions populating symmetric states is larger for smaller
projectile energies (red curve), as predicted by the CBM (see figure ??). The black
curve corresponds to electron capture into asymmetric final states of the projectile,
which peaks at the same transverse momentum for different projectile energies.
electrons are captured, whereas in Na the initial electrons are starting from diﬀerent
n-shells, which is an asymmetric conﬁguration.
The relative cross sections for the symmetric versus asymmetric states for diﬀerent
projectile velocities is shown are ﬁgure 3.16. As discussed in subsection 3.3.2, the
data has been corrected for the underestimation of the symmetric channels due to
the large transverse momentum. This correction leads to a systematic error which
is indicated by the blue points in the graph. The origin of the systematic error is
the assumption that the measured transverse distributions are the same in time of
ﬂight direction as in y-direction. Due to diﬀerent cuts for diﬀerent data sets the
systematic error is diﬀerent for each data set. The energy dependence is striking, at
projectile velocities of vP = 0.39 a.u., the symmetric channels are almost as likely to
be populated as the asymmetric ones.
In order to compare these results to helium-ion collisions, it needs to be pointed
out that since we do not detect the projectile, we cannot distinguish between true
double capture and transfer excitation, where the projectile is stabilized through
an Auger decay after the collision. Using Auger spectroscopy, it has been reported
in the literature that at low collision energies, population into channels involving
a dielectronic process during the transfer are dominant [72]. This general behav-
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Figure 3.16: Energy dependence of the relative cross sections for the symmetric channels
and the asymmetric channel in double charge transfer between O6+ + Na(3s). Smaller
projectile velocities lead to an increased population of the symmetric states.
ior could be explained by the fact that in collisions with highly charged ions the
electron-electron interaction is weak as compared to electron-nucleus interaction
(cf. ﬁgure 3.13). In a Landau-Zener model the avoided crossings are much larger
for monoelectronic transitions than for dielectronic transitions, such that the prob-
ability for transitions at strongly avoided crossings becomes weak at low collision
energies. On the other hand, using RIMS and separating events leading to true
double capture (TDC) from the ones leading to transfer ionization (TI), it has been
reported that in case of TDC at higher projectile velocities, population transfer at
smaller internuclear distances is more likely [56].
3.3.4 Conclusion
We report on the energy dependence of double charge transfer in ion-alkali colli-
sions. As compared to previous measurements, which investigated the transfer of
two equivalent electrons, for the ﬁrst time transfer of non-equivalent electrons is in-
vestigated. Varying the projectile energy from vP = 0.39 a.u. to vP = 0.58 a.u. and
thus eﬀectively varying the interaction time the relative cross sections of the popu-
lation of symmetric (3s2 and 3l3l′) and asymmetric states have been measured. The
smaller the projectile velocity the more likely the symmetric states are populated.
This change in symmetry of the electronic state (asymmetric electron conﬁguration
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changes to a symmetric one) indicates electron correlation during the transfer which
might occur in a one-step process. Using simple Coulomb potential curves, it can be
explained that a single step transfer happens at small internuclear distances, lead-
ing to large transverse momenta of the recoil ions, as observed in the experiment.
Furthermore, for smaller projectile velocities we measure larger transverse momenta
of the recoil ions populating the symmetric channels. This trend is also given by
the CBM calculations, which also suggests a one-step transfer. These ﬁndings are
similar to the ones in helium-ion collisions, where, starting from an equivalent elec-
tron conﬁguration, the production of nonequivalent electron conﬁgurations becomes
dominant at low collision energies due to electron-electron interactions [72].
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Experimental setup
This chapter gives an overview of the Heidelberg MOTRIMS setup combining a
recoil ion momentum spectrometer (RIMS) [6, 11] with laser cooling and trapping of
rubidium atoms in a high density three-dimensional magneto-optical trap (3D MOT)
[10], loaded with high ﬂux from a two-dimensional magneto-optical trap (2D MOT)
[73, 74]. The main challenge in combining these two ﬁelds is to keep high resolution
for the spectrometer whilst providing enough optical access for the trapping beams
on one hand, and, on the other hand, to avoid distortion of the recoil trajectories
by fast switching of the magnetic quadrupole ﬁeld from the 3D MOT. Furthermore,
the setup has to be fully transportable since it will be transported to the HITRAP
beamline at GSI in Darmstadt for investigation of multiple-charge transfer between
highly charged ions and the trapped 85Rb atoms. The whole setup consists of an
optical table for the laser setup and an ultra-high vacuum (UHV) chamber mounted
to a 19 inch rack including all necessary electronics. A ﬁrst generation apparatus
has been described in [51]. This apparatus has been upgraded in the current work,
in particular a new atom source with a high atomic ﬂux and a new spectrometer
with high resolution have been developed.
The next section discusses general aspects of the setup. In section 4.2 the compact
laser system used for the 2D as well as the 3D trap is presented. Section 4.3 gives an
overview of the vacuum setup and the implementation of the new loading mechanism
into the MOTRIMS setup. The details on the atom source (4.4) and the trap are
given (4.5). Finally, a detailed description of the RIMS, including simulations on
the planned ion-atom collisions, is given in section 4.6.
4.1 General considerations
The goal is to setup a compact and transportable high density atom target for inves-
tigation of multiple charge transfer in ion-atom collisions at the HITRAP beamline
at GSI in Darmstadt. In order to investigate the charge transfer a high-resolution
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recoil-ion-momentum spectrometer, requiring a cold target (see section 2.1.6), will
be used. The cold target will be provided by rubidium atoms trapped in a high
density magneto-optical trap.
From calculations using the classical over-the-barrier model we estimate the total
cross sections for multiple (more than one) electron transfer in collision of rubidium
with highly charged ions to be almost two orders of magnitude smaller than in single
electron transfer. In order to obtain measurable rates, a dense target with high atom
number, high loading ﬂux and no background ions, allowing for high duty cycles,
is therefore indispensable. In order to obtain a high density target, the atoms are
trapped in a dark spontaneous optical trap (dark SPOT) [18], where densities are
one order of magnitude higher than in conventional magneto-optical traps, resulting
in an increase in atom number.
Besides these basic physical conditions the main constraint on the experimental
setup is the need for a compact and modular design, such that the experiment
can easily be transported to GSI and run at the HITRAP facility. Thereby the
key parameters were already set by the ﬁrst generation setup from which the main
vacuum chamber and the pumping stage were used in the new design. An overview
of the new chamber providing the target is shown in ﬁgure 4.1. The whole setup,
consisting of a novel atom beam source, an ultracold high density target, the ion
detection and the pumping stage is mounted on a mobile rack (see ﬁgure 4.1) and
has a total size of 1900mm × 1900 mm × 530mm. This rack supplies three 19 inch
racks for the electronics needed to operate the trap and the spectrometer. The laser
system is mounted on a separate laser table and is transported to the experiment
using single-mode polarization maintaining ﬁbers.
For loading 3D MOTs with high ﬂux, several techniques are available (Zeeman
slower [75, 76], double MOT system [77, 78], LVIS [79]). In order to have a com-
pact and robust setup which can be included in the MOTRIMS setup, we choose to
load our target from a 2D MOT [73, 74]. 2D MOTs provide loading ﬂuxes of up to
1010atoms/s. Since the atoms are precooled in a separate chamber, the atom source
is decoupled from the collision region and a low background ion rate is ensured.
Furthermore, the design of the 2D MOT is compact such that it could be imple-
mented in the current setup. As compared to Zeeman slowers, no magnetic ﬁelds,
which would distort the trajectory of the recoil ions and thus reduce the resolution
of the spectrometer, are present at the collision region. The created beam has a low
divergence of 23 mrad and a mean velocity of about 14 m/s, allowing for eﬃcient
loading of the 3D trap even if the atom source is at some distance from the trapping
region. Furthermore, in COLTRIMS, cold atom beams generated from supersonic
expansion are used as a target [3, 80, 5]. The possibility of using the cold atom
beam emerging from a 2D MOT will also be investigated for the ﬁrst time in the
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Figure 4.1: Transportable setup. The UHV chamber for the target is compact with a
total size of 1900mm × 1900 mm × 530mm.
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current setup.
In order to trap the atoms in a MOT, a base pressure of < 10−8mbar is needed
in the main chamber which is pumped by a combination of an ion getter and a
Titanium-Sublimation pump. We achieve a base pressure of 5 × 10−9mbar in the
main chamber. Due to diﬀerential pumping in the double-chamber setup, no ad-
ditional pumping of the atom source chamber is needed, again keeping the setup
compact. The main vacuum chamber consists of a stainless steel ultra-high vacuum
chamber oﬀering two CF 200 ports, four CF 40 ﬂanges for optical access of the
horizontal cooling beams and four CF 150 ports. Two of the CF 150 ports will be
used for connection to the beam line at GSI, one for the pumping stage and one
for implementation of the recoil ion momentum spectrometer. This means that the
vertical cooling beams, absorption imaging, access of a cold atom beam and holders
for the quadrupole magnetic ﬁeld coils all need to be implemented into the last two
remaining CF 200 ports.
The target atoms are trapped at the center of the recoil ion momentum spectrom-
eter. Typical resolutions of RIMS are on the order of δ ≈ 0.05 a.u. [6, 11], allowing
for extraction of spectroscopic information. In order to achieve this resolution, very
homogeneous electric ﬁelds at the center of the spectrometer are needed. Since the
ﬁelds inside the spectrometer are weak it is indispensable to shield the inside of the
spectrometer from electric stray ﬁelds originating from the surrounding ultra-high
vacuum chamber, which is on mass. However, in order to combine RIMS with laser
cooling and trapping enough optical access needs to be included in the electric ﬁeld
plates. Furthermore, adaption to the current vacuum setup puts a constraint to the
outer diameter of the plates. Not only electric stray ﬁelds, but also magnetic stray
ﬁelds reduce the resolution of the spectrometer since the trajectories of the recoil
ions will be distorted. Therefore, fast switching of the magnetic quadrupole trapping
ﬁeld of the MOT is implemented, with switching time on the order of 100 µs. This
is achieved best when the magnetic ﬁeld coils are placed inside the vacuum, allow-
ing low currents to generate the needed high magnetic ﬁelds and reducing magnetic
stray ﬁelds due to eddy currents in the steel chamber. Since high magnetic ﬁeld
gradients should be available for a compressed MOT [48] and due to the minimum
distance between the pair of coils given by the spectrometer plates, the coils need
to be water-cooled.
Making the trap operable at GSI, where the laser room is located on another ﬂoor
than the beamline, the laser system is mounted in a compact way on a mobile laser
table with a total size of 75 × 150 cm2. The laser system consists of two separate
frequency-stabilized lasers due to the large hyperﬁne splitting in 85Rb of 3 GHz of
the ground state. Due to space constraints on the laser table, the spectroscopy for
frequency stabilization is mounted on a separate breadboard with a total size of
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60 × 40 cm2. For simultaneous operation of the 2D and 3D MOT, enough cooling
laser power is needed to saturate the cooling transition in all beams (Pmin = 70 mW
behind the ﬁbers and AOMs), while keeping the setup compact. The beams used
for cooling and trapping all need to be shifted in their frequencies independently.
This is done using AOMs, which also serve to control the intensity of each beam
and can, if coupled into optical ﬁbers afterwards, be used as shutters. For compact
splitting and combination of the beams ﬁber ports cluster [81] are used.
4.2 Trapping laser system
As a target for highly charged ions we use a dense cloud of ultracold rubidium ions.
Operation of a MOT demands frequency stabilization of the lasers to the atomic
transition used for cooling. The target atoms are trapped in a 3D MOT, loaded
from a 2D MOT. Therefore, 8 laser beams with diﬀerent frequencies are needed.
In order to optimize the frequency of each beam and switch them independently,
each of the beams passes an acousto-optic modulator (AOM). Furthermore, the
trap will be operated at the HITRAP beamline, at GSI Darmstadt. The laser room
for the laser systems for the beamline is one ﬂoor away from the beamline, such
that a separate laser table is needed, where the light is produced, stabilized and
manipulated. Transportation to the experiment is done in single-mode polarization
maintaining ﬁbers.
85Rb can be trapped in a magneto-optical trap rather easily since there is a closed
cooling transition from the ground state. It has a nuclear spin of I = 5/2. Due to
hyperﬁne coupling, the ground state 52S1/2 splits up into two sub-states F = {2, 3},
the excited state 52P3/2 splits up into four substates F = {1, 2, 3, 4}. The energy
splittings of the hyperﬁne substates of the D2 line 52S1/2 → 52P3/2 used for cooling
of the rubidium atoms are shown in ﬁgure 4.2.
The cooling laser drives the F = 3 → F ′ = 4 closed cooling transition, but since
the energy splitting of the F ′ = 3 and F ′ = 4 sub-states is only 121MHz, about
0.1% of the atoms are excited non-resonantly into the F ′ = 3 state. From there
they can decay spontaneously into the F = 2 ground state which is a dark state for
the cooling light. Due to the large hyperﬁne splitting of 3GHz of the ground state
two diﬀerent lasers are needed for cooling and trapping. An additional repumping
beam driving the F = 2→ F ′ = 3 transition pumps the atoms back into the cooling
cycle.
In total, this setup, including 2D MOT, dark spontaneous optical trap (SPOT)
[18] and absorption imaging requires multiple beams at diﬀerent frequencies:
• For cooling and trapping in the 2D MOT we need cooling light that is red-
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Figure 4.2: Hyperfine level scheme of the D2 line of
85Rb. The cooling beams are red-
detuned from the F = 3→ F ′ = 4 transition, while the repumping beams are running
on resonance of the F = 2 → F ‘ = 3 transition. A resonant probe beam is used for
absorption imaging. The upper inset shows the stabilization scheme for the TA laser,
the lower inset shows the stabilization scheme of the RP laser.
detuned by δ2D ≈ −2 Γ, Γ/2π = 6.06MHz being the natural linewidth, from
the F = 3→ F ′ = 4 cooling transition and repumping light resonant with the
F = 2→ F ′ = 3 transition.
• For extraction of the atoms from the 2D MOT an additional push beam is
needed, with the possibility to be red-detuned by several linewidth.
• For trapping in the 3D MOT we need cooling light that is red detuned by
δ3D ≈ −1 − 3 Γ from the F = 3 → F ′ = 4 cooling transition and repumping
light on resonance with the F = 2→ F ′ = 3 transition.
• For operation of the 3D trap in a dark SPOT conﬁguration, an additional
depumping beam is needed, which pumps the atoms actively from F = 3 →
F ′ = 3, from where they decay into the absolute ground state as well as a
ﬁll-in beam (F = 2 → F ′ = 3) which pumps the atoms back into the cooling
cycle.
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The details of the two laser systems will be presented in the following.
4.2.1 Cooling laser system
For simultaneous operation of the 2D and 3D trap, the cooling laser system should
provide enough power to saturate the D2 transition (Isat = 1.6mW/cm2 for closed
transition) whilst being compact. The Toptica TA Pro is based on an external-
cavity diode laser (ECDL) [82] coupled into a tapered ampliﬁer chip. The beam
is ampliﬁed in a single pass through the chip preserving the spectral properties of
the beam and then coupled into a single mode ﬁber. We use the ﬁber in order to
get mode cleaning after the TA chip and thus high eﬃciencies in the subsequent
beam path, including coupling into AOMs and ﬁbers. The tapered ampliﬁer chip
makes it possible to reach output powers up to 1.3W (730mW after the ﬁber). In
order to protect the diode laser from retro-reﬂected light a 60 dB optical isolator is
placed between the DL Pro and the TA chip. Between the isolator and the tapered
ampliﬁer a test beam is split oﬀ which is used for the spectroscopy to stabilize the
laser frequency.
The lasers are stabilized using FM spectroscopy [83]. The spectroscopy setup is
on a separate breadboard placed under the optical table on a Sorbothane sheet to
damp vibrations. The test beam is transported to the spectroscopy in a single-mode
polarization-maintaining ﬁber. On the spectroscopy board (ﬁgure 4.3), the beam
ﬁrst passes an AOM (Crystal Technology 3000 Series) in a double-pass conﬁguration
and shifts the laser frequency by 2 × 62MHz. Afterwards the beam is split up, one
part passes an 1 : 3 telescope and is send through a Rubidium vapor cell to be
used for Doppler-free saturation spectroscopy. The other part is coupled into a
Fabry-Perot interferometer to monitor single-mode operation of the laser. The laser
is locked on the F ′ = 3/4 crossover which provides the largest signal. Due to the
AOM the laser is actually running on the F = 3 → F ′ = 2 transition (ﬁgure 4.2).
This locking scheme was chosen so that all necessary frequencies can be generated
by one laser system with commercially available AOMs.
On the optical table (ﬁgure 4.4), the cooling beam is split up into the depumping,
probe, pushing and the two cooling beams by polarizing beam splitters (PBS) in
combination with half-wave plates. On the ﬁrst PBS a small amount of the light
is split oﬀ for the depumper and passes a single-pass AOM. The ﬁrst order (shifted
by 63MHz) of the depumper is coupled into a ﬁber. The zeroth order is recycled
and, after passing an AOM in double-pass conﬁguration, is used for the absorption
beam. The use of a double-pass AOM here has the advantage that, depending on
the density of the cloud that will be imaged, the frequency can be detuned without
recoupling the ﬁber, avoiding optical thickness during imaging.
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Figure 4.3: Doppler-free spectroscopy for laser lock. Both laser systems are locked using
Doppler-free spectroscopy. Light from the table is transported using polarization-
maintaining single-mode fibers. The locking point of each laser can be shifted using
double-pass AOMs. A Fabry-Perot resonator is used for monitoring single-mode op-
eration.
Most of the light from the TA is split oﬀ further downstream into the cooling
beams for the 2D and 3D MOTs and the push beam for the 2D MOT. All three
beams can be shifted in frequency by double-pass AOMs, allowing to optimize the
detuning without readjusting the ﬁber coupling. Another advantage of the double-
pass in cat-eye conﬁguration [84] is that when the AOM is switched oﬀ the zeroth
order is blocked by the iris placed between the AOM and the retroreﬂecting mirror.
This conﬁguration can therefore also be used to switch the beams without installing
any further mechanical shutters that cause vibrations on the table1.
4.2.2 Repumping laser
The repumping light is generated by a homebuilt external-cavity diode laser in
Littrow conﬁguration [82] driven by the MOGbox DLC-202 laser diode controller
from MOGlabs [85]. For a detailed description of the diode laser setup see [51]. The
laser beam passes an optical isolator to protect the diode laser from back reﬂections.
Then a small fraction of the light is split oﬀ and sent to the spectroscopy board using
a ﬁber. This setup is identical to the one of the cooling laser (see ﬁgure 4.3). In
1When loading into an optical dipole trap additional mechanical shutters are needed to suppress
the light
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order to generate all frequencies needed with AOMs, we shift the repump frequency
using an AOM in double-pass conﬁguration (shifting the beam by 2 × −71MHz)
prior to the actual spectroscopy where it is locked on the F ′ = 2/3 crossover (see
ﬁgure 4.2).
On the optical table, the beam is split up into three beams. The repumping
beam for the 2D MOT and the ﬁll-in beam are shifted by −110MHz by AOMs in
single-pass conﬁguration to be on resonance to the F = 2→ F ′ = 3 transition. The
repumping beam for the 2D MOT is subsequently superimposed with the cooling
light for the 2D MOT prior to coupling into the same polarization-maintaining ﬁber.
The repumping beam for the 3D MOT passes an AOM in double-pass conﬁguration
such that the frequency can be optimized during the experiment.
4.2.3 Fiber Port Clusters
All laser beams are coupled into single-mode polarization maintaining ﬁbers on the
optical table. Before outcoupling at the experiment, the beams are sent through
so-called laser cubes [81]. These are ﬁber based cubes from Schäfter+Kirchhoﬀ
including compact polarization optics. In these cubes the light can be split up or
superimposed as desired. The main advantage of them, next to being very compact
53
CHAPTER 4. EXPERIMENTAL SETUP
and robust, is that on the table itself only one ﬁber needs to be coupled. For our
setup we have three cubes: two cubes only consisting of a half-wave plates plate
and a PBS which are used to split the repumping light of the 3D trap as well as
the cooling and repumping light of the 2D trap into two output beams. Another
more elaborate cube is used to provide the beams for the 3D trap (see ﬁgure 4.5).
The cooling beam is split into three beams inside the cube. A second input is used
to overlap the absorption beam with the vertical cooling beam (z’), whereas the ﬁll
in beam is superimposed with the horizontal cooling beams (H1 and H2). At the
output of the cubes, the light is coupled again into polarization maintaining ﬁbers,
each of 15m length, and transported to the UHV chamber, which is described in
detail in the next section.
Absorption 
beam fill-in
3D MOT
fill-in
3D MOT (H2)
Absorption beam
3D MOT (z')
3D MOT (H1)
fill-in
Figure 4.5: Fiber Port Clusters for the 3D trap. The laser cube is used to split up the 3
cooling lasers for the 3D trap. On the z’ axis the absorption beam is superimposed,
whereas on the H1 and H2 axis the fill-in beam is overlapped. Drawing adapted from
[81].
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4.3 Vacuum system
The center of the setup is the vacuum chamber (see Figure 4.1). It merges the atom
beam source with the atom target, which is located at the center of the recoil ion
momentum spectrometer. The main chamber and pumping stage had been designed
in a ﬁrst generation experiment [51], such that an elegant way had to be found to
include the 2D MOT, the new magnetic ﬁeld coils, allowing for fast switching, and
the spectrometer in that chamber. The details will be described in the following.
In the main chamber, UHV condition are provided by two pumping systems: A
titanium sublimation pump (Ti:Sub) for pumping H2, N2 and water combined with
a cryo shield by Varian (TSP Cryopanel) which can be ﬂushed with cooling water
or liquid nitrogen to increase the pumping speed. Rare gases are mainly pumped
by an ion getter pump (Varian Star Cell 55). Without baking we achieve a base
pressure of 5× 10−9mbar, measured with a vacuum ion gauge (Pfeiﬀer IKR 270).
The atom source is located in a separate glass cell. The connection between the
two chambers is done through one single piece (see ﬁgure 4.6) made out of stainless
steel. This piece includes a diﬀerential pumping hole of 800µm diameter, which
also serves as the exit hole for the atom beam. With this diﬀerential pumping, a
maximum pressure ratio of 10−3 between the two chamber can be achieved without
any additional pumping of the glass cell. On the low pressure side the glass cell is
attached to a CF 40 ﬂange, whereas the high-vacuum side only requires a CF 16
ﬂange, so that the connection to the experiments is as compact as possible. A bellow
including three threaded rods for ﬁne adjustment of the direction of the atomic beam
ensures optimal overlap with the cooling region.
For implementation of the 2D MOT into the MOTRIMS setup several geometrical
constraints are given; the main chamber only oﬀers two CF 200 ports, where the
vertical cooling beam, the absorption imaging and the access for the atom beam must
be included. Another constraint is given by the limited optical access available in
the spectrometer, where we want to include the atom beam without any further
holes than necessary for the cooling and projectile beams. This can be solved by
including a CF 16 ﬂange for connection of the 2D MOT into the top CF 200 ﬂange,
leaving enough space for the vertical cooling beam, which is coupled into the chamber
through a CF 40 viewport. The CAD drawing of the ﬂange is shown in ﬁgure 4.7.
The atom beam thus forms a small angle of 12 ◦ with the vertical cooling beam.
A CF 16 valve is placed between the two chamber. This is only a precautionary
measure for transportation of the target to the GSI, where a risk of breaking the
glass cell exists. Another advantage of the valve is that the 2D MOT setup remains
modular and could be tested prior to implementation into the MOTRIMS setup.
Furthermore the main chamber can be opened without breaking the vacuum in the
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Figure 4.6: Center piece of the 2D MOT setup. The center piece connects the 2D MOT
to the main chamber through a differential pumping hole. It also holds all the different
components of the 2D MOT [86].
glass cell which would require replacement of the dispenser.
4.4 Cold atom beam source
The objective is to load a 3D MOT with high ﬂux and no background ions. For
investigation of multiple charge transfer between ultracold atoms and highly charged
ions loading from a two-dimensional magneto-optical trap has several advantages:
the high loading ﬂux allows short loading times of the 3D trap and thus a high duty
cycle. In particular for experiments where rare events are detected, which might be
masked by more likely events like single-charge transfer and lead to the loss of a
high number of the trapped atoms, fast loading is important. The background ion
rate should also be kept low, ensured by the double-chamber setup, decoupling the
atom source from the collision region.
In the following the most important features of the 2D MOT setup will be pre-
sented. For a more detailed review please refer to [86]. The compact setup of the 2D
MOT has a total size of 20× 20× 40 cm and is shown in ﬁgure 4.8. Requiring only
one CF 16 ﬂange to connect the setup to the main chamber it is very modular and
has been implemented successfully in two diﬀerent setups in our group (MOTRIMS
and Rydberg setup). It consists of a glass cell, which is ﬁlled with rubidium va-
por from organ shaped dispensers (Altechna), allowing for optimal optical access,
surrounded by a metal cage holding all the optics. The quadrupole magnetic ﬁeld
is generated by permanent magnets [87], such that the design stays compact since
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CF 40 trapping beam 
gate valve
CF 16 connection to 
center piece of 2D MOT
holder for magentic
coils
connection for quadrupole 
magnetic field
Figure 4.7: CF 200 top flange connecting the 2D MOT to the main chamber. The trap-
ping laser enters the chamber through a CF 40 viewport. The 2D MOT is connected
to the main chamber via a CF 16 gate valve forming an angle of 12 ◦ with respect to
the vertical cooling beam. The flange also provides two CF 16 feedthroughs for cooling
and electrical contact of the coils generating the quadrupole magnetic field and holds
the magnetic coil holders.
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extra power supplies and electrical connections for coils are needed. The only con-
nections needed for operation of the atom source are three optical ﬁbers for cooling
and pushing the atoms towards the main chamber and electrical connections for the
dispensers as well as for the compensation coils for the earth magnetic ﬁeld. The
center piece connecting the 2D MOT to the main chamber (see ﬁgure 4.6) further
includes two CF 16 feedthroughs for the electric connection of the dispensers and
threaded holes so that the optics cage can be attached to it.
The light for the 2D MOT is transported from the optical table using polarization
maintaining ﬁbers. Compact outcouplers from Schäfter und Kirchhoﬀ [81], ﬁxed
to the mid piece, produce elliptical beams with 1/e2 diameter of 22mm on the
long axis and 11mm on the short axis. The elliptical beam shape is chosen to
ensure saturation of the cooling transition all over the cooling region and to have
connection 
to main chamber
glass-cell
outcouplers for 
trapping beams
optics for three 
cooling regions
outcoupler for 
pusher beam
optics for 
backreflected beams
holder for
permanet magnets
Figure 4.8: Design of the 2D MOT. A cage holding all the optics and the permanent
magnets is surrounding the glass cell which is filled with rubidium gas. Taken from
[86].
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Figure 4.9: Optics module of the 2D MOT (top view). After outcoupling of the cooling
beams, they are split up into three beams and retroreflected after passing the glass cell.
The pushing beam pushes the atoms out of the cooling region towards the trapping
region of the 3D trap.
a long cooling region (the atom ﬂux scales with the length of the cooling region
[88, 89]). Both beams than split up into three beams by polarization optics (see
ﬁgure 4.9), leading to a total cooling length of 66mm. Before passing the glass
cell each beam passes a quarter-wave plate to achieve circular polarization needed
for trapping of the rubidium atoms. All optics is placed as close as possible in
order to ensure good coupling between the cooling regions. This is done by placing
the PBS on 0.5 inch mirror mounts and attaching the half-wave plates plates and
the quarter-wave plates on the same mirror mount (see ﬁgure 4.10). The power
distribution in the cooling beams can be adjusted using the half-wave plates plates.
After passing the rubidium cell and another quarter-wave plate the cooling beams
are retroreﬂected. The required quadrupole magnetic ﬁeld for trapping is generated
by 5 permanent magnets, which are also attached to the cage holding the optics. The
magnets are aligned such that the zero magnetic ﬁeld line is homogeneous. They
can be positioned at ﬁve diﬀerent positions leading to ﬁve diﬀerent magnetic ﬁeld
gradients. In our case we measured the best atom ﬂux for a magnetic ﬁeld gradient
of 15 G/cm.
We characterized the atom beam generated in the 2D MOT prior to implemen-
tation in the MOTRIMS setup. From these measurements we could deduce a ﬂux
of 3.5 ×109 atoms/s with a mean velocity of 14m/s [86]. Typical atom-ﬂux dis-
tributions are shown in ﬁgure 4.11, where the dependence on the detuning of the
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Figure 4.10: Splitting of the trapping beams. These compact optics modules are used to
split up the beam for the three cooling regions and to polarize all beams circularly.
Taken from [86].
pushing beam is shown. The total ﬂux of the atoms depends crucially on the detun-
ing and power of the pushing beam as well as the power in the cooling beams. The
divergence of the beam has been determined to be only 26mrad, so that, despite
the large distance between the atom source and the 3D trap of 48 cm, all atoms
can be trapped in the cooling region of the 3D trap. For simultaneous operation
of the two-and three dimensional traps typical laser power for the 2D MOT are
PCooler = 47mW per beam, Prep = 8.4mW and only Ppusher = 600µW.
4.5 Target magneto-optical trap
The precooled atoms from the 2D MOT are trapped in a 3D trap inside the recoil
ion momentum spectrometer at the center of the main chamber, where they serve
as a target for ion/laser beams. As discussed before, one major challenge in com-
bining RIMS with laser cooling and trapping is the fast switching of the magnetic
quadrupole ﬁeld. The details of this will be discussed in the following section.
4.5.1 Magnetic quadrupole field
The magnetic ﬁeld coils for the MOTRIMS setup have several speciﬁcations that
need to be fulﬁlled: In order to have the possibility to compress the MOT, magnetic
ﬁeld gradients up to 60G/cm should be possible [48]. Due to distortion of the recoil
ion momentum trajectories due to changing magnetic ﬁeld gradients, the switching
of the magnetic ﬁelds should be fast. Thus the inductance of the coils should be kept
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Figure 4.11: Velocity distribution for different detunings of the pusher. Higher pusher
detunings shifts the velocity of the atom beam to lower velocities. Taken from [86].
low since the switching time τ of the coils scales with the inductance L. Because
L ∝ n2, where n is the number of windings, a small number of windings is needed.
Furthermore, placing the magnetic ﬁelds inside the vacuum and thus lower needed
currents reduces the eddy currents induced in the steel chamber, which prolong the
switching times.
In order to achieve high magnetic ﬁeld on the order of 60G/cm with coils con-
sisting of only few windings high currents up to I =100A are needed. The power
P = R × I2, R being the resistance of the coil, that needs to be dissipated is up
to 330W, making water cooling of the coils indispensable. This is achieved by us-
ing one single hollow copper tube with 2mm inner and 3mm outer diameter and
4m length [35]. Electrical insulation between the windings is done by wrapping
a Kapton HN foil with 75µm thickness around the copper tubes prior to winding
the coils. Vacuum connection is done using high power feedthroughs from Vacom
(W-HC8-CE-CU64), which consist of hollow copper tube electrically insulated from
the ﬂange. The copper tubes used as coils are stuck through the feedthroughs. In
order to prevent, in case of a leak, water leaking into the vacuum, the coils are hard
soldered to the feedthroughs on the vacuum side. Thus, in case of a leak, ’only’ a
leak to the atmosphere will appear.
The coils are mounted in anti-Helmholtz conﬁguration with a distance of 120mm
between each other and an inner radius of 35 mm, consisting of 3 radial and 4 axial
windings each. They are held in place by magnetic coil holders, which are screwed
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into the CF 200 ﬂanges (see ﬁgure 4.7). In this conﬁguration, a current of 1A
produces an axial magnetic ﬁeld gradient of 0.567G/cm. The resistance of both
coils in series is 0.0325Ω. At typical operation of the MOT, 30A are applied to
the coils, producing a magnetic ﬁeld gradient of 17G/cm. Switching times of the
current on the order of 100µs are achieved, however the eddy currents induced in
the chamber vanish only after 1.2ms. Therefore higher currents lead to longer times
until the residual magnetic ﬁelds have vanished.
4.5.2 Target atoms trapped in a bright MOT
As we saw in section 4.2, the light is guided to the chamber using optical ﬁbers. A
major contribution to the compactness of the setup arises from the use of concise
optics assemblies which couple the trapping and repumping beams into the chamber.
For the operation of the trap as a bright MOT, the repumping and cooling beams
are transported to the chamber in the same ﬁbers, having opposite polarizations
(see ﬁgure 4.5). A compact design from Schäfter and Kirchhoﬀ [81], including ﬁber
outcoulpers, quarter-wave plates and lens, are used to expand the beams to a 1/e2
diameter of 20mm and polarizing the horizontal cooling beams circularly. After
passing the chamber the horizontal beams pass another quarter-wave plate and are
retroreﬂected. The vertical beam is also outcoupled using a compact ﬁber outcou-
pler. Since the cooling and absorption beam are directed into the chamber with an
additional mirror, the quarter-wave plate is placed behind the mirror. After pass-
ing the chamber, both beams pass another quarter-wave plate and are subsequently
separated using a polarizing ﬁlm from 3M [90]. Depending on the polarization of the
incoming light, this ﬁlm either reﬂects or transmits the light. The ﬁlm is glued on
the ﬁrst lens of the absorption imaging setup and is oriented such that a maximum
of the cooling light is reﬂected (see ﬁgure 4.12).
Diagnostics of the trap is done using standard absorption imaging. The optics
assembly for the absorption imaging is mounted in a 60 mm cage system from
Thorlabs. It consist of a lens L1 having a focal length of f1 = 200mm and a second
lens L2 with f2 = 100mm, leading to a reduction of the image of the cloud by a
factor of two. The achieved resolution of this system is 72µm with a depth of focus
of 81µm. More details on this setup are given in the bachelor thesis of D. Gerbert
[91].
In the setup, we have a total cooling power of 80.4 mW after the ﬁbers, resulting
in a total light intensity of 25.6mW/cm2 at the trap center. Detuning the cooling
laser by δ = 9.2MHz and assuming a resonant saturation intensity for rubidium of
ISat = 1.6mW/cm2 2, leads to a saturation parameter of the trapping transition of
2Theorerical saturation intensity for a pure two-level system.
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[92]
S =
S0
1 + 4δ2/Γ2
= 1.5, (4.1)
where S0 = I/ISat. This leads to a population in the excited state F ‘ = 4 state of
ρ22 =
S
2(1 + S)
= 0.3. (4.2)
In order to reduce losses due to population in the excited state [18], a dark SPOT
is implemented in the current setup and will be discussed in more detail in the
following section.
4.5.3 Density increase in the dark SPOT configuration
In standard MOTs the density is limited to 1010 atoms/cm−3 due to scattering and
reabsorption of the trap light by atoms, resulting in an outward directed force on
the atoms which counteracts the compressive magneto-optical force [47, 48, 49].
Minimizing this rescattering and thus the repulsive forces between the atoms by
transferring most of the population in the lowest hyperﬁne state, which is a dark
state for the light, leads to an increase in density of typically one order of magnitude
and is the concept of a dark spontaneous force optical trap (dark SPOT) [18]. The
underlying mechanism was brieﬂy discussed on the basis of the discussion on the
diﬀerent regimes in a MOT in subsection 2.2.2, a detailed analysis can be found in
Townsend et al. [47].
Absorption beam
MOT
cooling beam
Guppy cam
RPF
Figure 4.12: Optics assembly in the vertical direction. The cooling beam is separated
from the absorption beam after passing a quarter-wave plate using a reflective polar-
izing film. The cooling beam is retroreflected while the absorption beam passes the
imaging optics, casting a shadow of the cloud on the CCD camera (Guppy F-038B).
63
CHAPTER 4. EXPERIMENTAL SETUP
Experimentally, only the repumping light is blocked at the center of the trap,
where the density is highest. Atoms in this region fall into the absolute ground
state 52S1/2(F = 2), which is a dark state for the cooling light (see ﬁgure 4.2).
An additional depump beam can actively pump the atoms in the dark state. The
distribution among the hyperﬁne ground states is then by the re- and depumping
rates (Rrep and Rdep) between the two states:
Nu
Nd
=
Rrep
Rdep
=
τu
τd
; (4.3)
where Nu/d is the number of atoms in the upper and the lower hyperﬁne ground
state respectively. The time constants τu/d characterize the dwell times for an atom
in one of the two states. A dark SPOT can be characterized by how ’dark’ the trap
is, which is done in literature by introducing the parameter p, represents the fraction
of atoms in the upper F=3 hyperﬁne state which participate in the trapping cycle:
p =
Nu
Nd +Nu
. (4.4)
In analogy to a standard MOT, in a dark SPOT, one can distinguish between a tem-
perature limited and a density limited regime [47]. In the range of small upper state
populations, which can be assumed being the case for small depumping intensities,
p is well approximated by p ≈ τu/τd.
In order to realize the dark SPOT in the experiment, a hollow repumping beam
is overlapped with the horizontal cooling beams3. The hollow beams are produced
by physically blocking the beams in their center using a piece of a ﬂoppy drive4
with a diameter of 6mm. In order to avoid diﬀraction at the edges, these spots are
imaged onto the center of the trap. The optical system for beam collimation and
spot imaging has been setup following [51] and is shown in ﬁgure 4.13. The beam
expands freely after outcoupling of the ﬁber and before collimation through the lens
L1. The dark SPOT is imaged onto the trap by the lens L2. From the boundary
values deﬁned by the setup, namely α (numerical aperture of the ﬁber), B (image of
the dark SPOT) and w (waist of the repumping beam), the remaining parameters
can be calculated from the relations
tan(α) =
a
b
tan(β) =
a
c
=
w
2f2
β = α(b/f1 − 1). (4.5)
3Note that no repumping beam is present in the z′-direction.
4After extended investigation of different material which can be used to block light, the inside
of a floppy drive turned out to be best suited for our needs (see also the diploma thesis of C.
Glück [93]).
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Figure 4.13: Optics assembly for the repump beams used for the dark SPOT. To avoid
diffraction the spot is imaged onto the center of the trap in the horizontal plane.
For a 1:1 imaging with B = 400mm, f2 = 175mm and w = 20mm we derive
f1 = 100mm, b = 141.7mm and c = 337.7mm. The imaging of the dark spot at
the position of the trap has been measured with a CCD camera beam proﬁler5 and
its proﬁle along the x-direction is shown in ﬁgure 4.14. At the center of the trap an
extinction of 1:1000 is reached.
The optical system is setup on a separate breadboard to ensure maximum stability
and directed into the chamber using 2 inch mirrors. Before entering the chamber
the repumping beams are overlapped and aligned with the cooling beams on two
polarizing beam splitters, which are positioned between the quarter-wave plates and
the mirror used for backreﬂection of the cooling beams.
The optimal parameters for the dark SPOT setup were determined experimen-
tally. For experiments on multiple charge transfer in ion-atom collisions, highest
density is important, and the setup was optimized to highest density using absorp-
tion imaging. This has been achieved by a dark spot with a diameter of 6mm. The
bright state fraction is given by equation 4.4 and can be measured either using ab-
sorption imaging or by detecting the ﬂuorescence. In a dark SPOT conﬁguration the
ﬂuorescence (Pd) originates only from the population in the bright state (F = 3).
The bright state fraction in the trap is given by the ratio of the ﬂuorescence in the
dark SPOT conﬁguration to the ﬂuorescence when all atoms are pumped back in
the bright state (Pb), corresponding to the peak at t = 3 s in ﬁgure 4.15:
p ≈ Pd
Pb
. (4.6)
5Thorlabs, BC106-VIS
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Figure 4.14: Extinction measurement of the dark spot. Shown are beam profiles, with
and without the dark spot in the repump beam, measured with a CCD camera beam
profiler. The black curve is a measurement without the spot, the red curve is the
same measurement with the spot imaged onto the trap plane.
The results for the bright state measurements determined by ﬂuorescence measure-
ments, shown in ﬁgure 4.15, are surprising, since we determine p = 0.35 in a normal
dark SPOT and only p = 0.26 in a forced dark SPOT setup6, whereas p ≤ 0.1 is
expected. This result has been veriﬁed using absorption imaging for the normal
dark SPOT, leading to p = 0.08 7. For the forced dark SPOT no data is available
due to the low number of atoms in the bright state. The overestimation of atoms in
the bright state measured using ﬂuorescence might be due to the low bandwidth of
the photodiode such that the peak after turning on the ﬁll in beam cannot be fully
resolved in time.
Using absorption imaging, the density in a typical bright MOT has been deter-
mined to be 2 × 1010 atoms/cm−3. A density increase of one order of magnitude
has been achieved in the dark SPOT setup, leading to densities of up to 2 × 1011
atoms/cm−3, as expected. No eﬀect of the depumper on the density has been ob-
served in the experiment. Figure 4.16 shows the loading curves for the bright MOT
(left) compared to the dark SPOT (right). Please note the diﬀerent scales on the
6In a forced dark SPOT configuration the atoms are actively pumped in the dark state using the
depumper.
7Atom numbers with and without a flash from the fill-in beam prior to absorption imaging,
pumping the atoms back in the bright state, are compared.
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Figure 4.15: Fluorescence measurements of the forced dark SPOT (black curve) and a
normal dark SPOT (red points). The MOT in dark SPOT configuration is loaded
and at t = 3 s the fill in beam is switched on pumping all atoms back in the bright
state. From the ratio of the fluorescence of atoms detected in the dark state and the
one at t = 3 s, when all atoms are in the bright state, the bright state fraction is
determined.
time axis and the number of atoms. In a bright MOT, typically 2.90(1) × 108
atoms/cm−3 with a loading rate of 3 × 109atoms/s at a temperature of 200µK
are trapped8. Switching to a dark SPOT setup (without depumper) 7.4(6) × 108
atoms/cm−3 are trapped at a temperature of 170µK at a reduced loading rate of
1× 109atoms/s.
4.6 Recoil ion momentum spectrometer
The dense and cold atom cloud will be used as a target for highly charged ions and
is therefore trapped at the center of the recoil ion momentum spectrometer. Time
and position focusing of ions produced inside the spectrometer enables the detection
with high resolution of any momentum transferred to the recoil ion during collision
with either a photon or an ion. Before describing all the details of the spectrometer
developed in this work, ﬁrst some general considerations will be discussed.
8The temperature of the atoms has been determined by time of flight measurements, where the
ballistic expansion of the cloud is measured.
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Figure 4.16: Loading curves of the targets. Note the difference in the axis for the two
targets. The bright MOT traps 2.90(1) × 108 atoms with a loading rate of 3 ×
109atoms/s, whereas the dark SPOT traps up to 7.4× 108 atoms with a loading rate
of 1× 109atoms/s.
4.6.1 Design of the spectrometer: general considerations
Time-of-ﬂight focusing of ions has been achieved by W. C. Wiley and I. H. McLaren
in 1955 [94]. Key element is a spectrometer consisting of two diﬀerent electric
ﬁeld regions, the acceleration region and a ﬁeld-free drift region. One can show
analytically that focusing in the time domain is achieved when the drift region is
twice as long as the acceleration region. In order to include position focusing, a third
ﬁeld geometry, which acts as an electric lens, must be included. Therefore RIMS
setups consist of three diﬀerent ﬁeld regions: a weak electric ﬁeld for extraction of
the ions from the collision region, a strong electric ﬁeld region to focus the ions
followed by a ﬁeld free drift region. These setups are standard setups in the ﬁeld
of COLTRIMS. For a review refer to [3, 80, 5]. The resulting Laplace equation of
this electric ﬁeld conﬁguration can only be solved analytically. Several commercial
programs are available. In order to adapt the design of a RIMS to the current setup,
all simulations in this work have been performed using SimION [95].
Diﬀerent designs for these spectrometers are common: only few plates, separated
by a large distance to generate the ﬁelds, which usually have ’curtains’ to shield
the inside are mostly used for velocity map imaging [96] and in the MOTRIMS
setup in the group of R. Hoekstra in Groningen, described in chapter 3 [37]. In
the COLTRIMS community it is more common to have many thin electrodes only
separated by a few mm from each other. Shielding is achieved if the distance d
between the plates is smaller than the diameter of the electrode rings. In the current
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setup we follow this design.
The design of the spectrometer has several free parameters: the number of elec-
trodes, the position of the focusing electrode, which determines the resolution and
the position of the focal plane, inner/outer diameter of the plates as well as the dis-
tance between the plates. In order to determine some of the parameter the following
constraints need to be taken into account: Since the ﬁeld inside the spectrometer
is weak it is indispensable to shield the inside from electric stray ﬁelds originating
from the surrounding ultra-high vacuum chamber, which is on mass. In order to
combine RIMS with laser cooling and trapping enough optical access needs to be
included in the ﬁeld plates. The trapping lasers of our setup have a 1/e2 diameter
of 20mm and puts a lower limit to the size of the holes in the spectrometer. This
puts a limit to the inner diameter of the plates, since it needs to be large enough so
that the electric ﬁeld homogeneity is not aﬀected. Furthermore, the spectrometer
will be used to detect multiple charge transfer between highly charged ions (up to
bare uranium) which leads to high momentum and Q-values of the recoil ion.
Another constraint is given by the mechanical setup. The only available connec-
tion to the vacuum chamber for the spectrometer is a CF150 ﬂange, which puts an
upper constraint to the size of the outer diameter of the electrodes and the drift
tube. In the following the mechanical design and the results of the simulations are
described in detail.
4.6.2 Mechanical design
The spectrometer head is shown in ﬁgure 4.17 and is similar to the design described
in [41]. It consists of 34 stainless steel electrodes. Each electrode, except for the ﬁrst
one which is a full circle, has an outer diameter of 100mm and an inner diameter
of 75mm and a thickness of 1mm. The electrodes are all mounted on four M3
thread rods. In order to prevent electrical contact between the plates, ceramic
spacer are placed between the plate. The distance between neighbouring plates
is 4mm. Since ceramics might charge up, in particular when the spectrometer is
used in combination with an ion beam, and thus lead to a huge electric stray ﬁeld
inside the spectrometer, each of the ceramic spacers is covered with a stainless steel
ferrule. Only 0.5mm of the ceramic spacer is thus visible. All adjacent electrodes
are connected by 1 MΩ resistors each. The resistors are squeezed through holes of
650µm leading to good electrical contact (see ﬁgure 4.18). 12 out of all the plates
have some sections cut for optical access of the trapping lasers. Special care must be
taken of the three plates at the center. These need optical access from 4 sides, so that
they are cut into four pieces. The neighboring electrodes, which are still in one piece,
are used to position the four pieces of electrodes. The non-connecting electrodes and
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Figure 4.17: Mechanical design of the spectrometer head. The spectrometer head consist
of 34 electrodes, connected to each other in a resistor chain. Ceramic spacer insulate
the plates and are covered with ferrules. Also seen are the extra lugs and ceramic
plates, holding in place the plates which are cut into four pieces. Note the particular
coordinate system, which has been adopted from SimIon [95].
Figure 4.18: Pictures of the spectrometer head. The 33 plates are connected through
1MΩ resistors, the 34th plate being the drift tube. The plates have holes for optical
access for the laser and the projectile beam.
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their neighboring electrodes have extra lugs at their outside. A ceramic plate which
ﬁts into these lugs is used as a place holder. Thus they are ﬁxed and cannot move
during transportation. The remaining ring electrodes, the drift tube and all ferrules
are sliced in order to prevent eddy currents induced by switching of the magnetic
quadrupole ﬁeld.
Numbering the pusher plate as plate 0 and the drift tube as plate 34, we apply
an extraction voltage Up to the pusher plate. The collision region, corresponding to
the center of the trapping region, is situated at plate 11 and is grounded so that the
eﬀect of electric stray ﬁelds from the surrounding chamber are reduced. Plate 14 is
set to an independent voltage, the focus voltage Uf . The drift tube itself is part of
the spectrometer and can be set to an independent voltage. It is set to the same
potential as the mesh in front of the downstream detector.
4.6.3 Position sensitive detection and data acquisition
For detection of the ions’ time of ﬂight and position the downstream detector consists
of a multichannel plate (MCP) assembly in Z-stack conﬁguration in combination
with a delay-line anode, commercially available from Roentdek (DLD 80) [68]. The
MCPs have an active diameter of 80mm and is followed by a delay-line anode with
a linear active diameter of also 80mm. Two-dimensional position readout is done
by the delay-line, consisting of wires wound around a support in two dimensions.
The pitch for one revolution is about 1mm. A charged particle hitting the MCP
releases an electron cloud from the MCP back. This cloud is accelerated towards the
delay-line which is on a slightly higher potential (typically +270V) and produces
a charge pulse which subsequently propagates along the wire9. The perpendicular
signal speed v⊥ depends on the size of the delay-line and is in our case 0.95 ns/mm.
Detecting the time diﬀerence of the charge pulses at each end of the wire of the
delay line, X1 and X2, one can now deduce the position X on the detector form the
time diﬀerence δt (see ﬁgure 4.19):
X = X1 −X2 = 2 · t1 · v⊥ − 2 · t2 · v⊥ (4.7)
⇒ X = t1−t2
2v⊥
(X1 −X2). (4.8)
The same holds for the y-direction such that two-dimensional information is ob-
tained.
Time-of-ﬂight is measured by recording the ion signal from MCP back as a stop
signal, where the start is given by the projectile beam. An ion hitting the MCP
9In order to reduce dispersion during propagation, each wire is in reality a Lecher line, i.e. a pair
of wires set to a slightly different potential of 36V by a block of batteries.
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Figure 4.19: Sketch of delay-line anode and data acquisition. The ion hitting the MCP
induces a signal on the delay line which propagates along the wire. At the end
the signal is outcoupled capacitively. After discrimination in a constant fraction
discriminator (CFD), the time of the signals X1 and X2 is measured using a TDC.
From the difference in time the position X on the delay-line can be deduced. Time
of flight information is obtained by measuring the time difference between the pulsed
projectile beam, creating the recoil ion, and the ion hitting the MCP.
short circuits the plates, inducing a voltage drop on the stack. Both the MCP
back signal and the delay-line signals are coupled out capacitively. This signal is
further preampliﬁed in a diﬀerential ampliﬁer before being discriminated in constant-
fraction discriminators, which gives out a logical NIM signal. These signals are
further detected by a time-to-digital converter (TDC, TDC8HP from Roentdek),
measuring the times with a high resolution of 25 ps.
4.6.4 Characteristics of the spectrometer
Assuming again that the electric ﬁeld within the spectrometer head is constant
and neglecting any initial momentum of the recoil ion in z-direction, an analytic
expression for the time of ﬂight depending on the extraction ﬁeld E can be obtained
from equation 2.23:
t(E) =
√
2Lextracm
qE
+
Ld√
2LextracqE/m
, (4.9)
where Lextrac is the distance the recoil ion travels inside the spectrometer head, Ld is
the length of the drift tube and q is the charge state of the recoil ion. Together with
equation 2.21, the maximum detectable momentum in x and y−direction depending
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on the extraction ﬁeld can be obtained:
plong,max = ptrans,y,max = m
rdet
t(E)
, (4.10)
where rdet is the radius of the detector. The result for our geometry is shown in ﬁg.
4.20.
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Figure 4.20: Maximal detectable momentum in x and y-direction as a function of the
extraction voltage E due to finite size of the detector. Depending on the charge state
and the extraction voltage of the spectrometer, an upper limit for detection with 4pi
solid angle exists. Shown are the maximum momenta for Rb+ (red), Rb2+ (green)
and Rb3+ (blue).
4.6.5 Time and position focusing
In order to detect the recoils’ ion momentum with high resolution, the initial ion
distribution needs to be focused in time and position, i.e. ions starting from diﬀerent
positions along the time of ﬂight axis should all arrive on the detector at the same
time, while ions starting from diﬀerent position along the projectile/laser beam axis
should all hit the detector at the same position. The design of the spectrometer
is therefore a trade oﬀ between resolution in space and in time. Since the electric
ﬁeld conﬁguration inside the spectrometer acts as an electric lens, the position of
the focal planes for time of ﬂight and position diﬀers. In order to determine the best
conﬁguration (number of electrodes, position of collision region, position of focusing
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Figure 4.21: Simulation of the focal planes TOF and position focusing. The electric lens
is optimized for having the best trade off of the resolution in time of flight and
position. For our design the optimal was found for a ratio of Up/Uf = 1.339 at a
distance of 785.5mm from the collision region.
lens, position of focal plane, resolution) the ratio of pushing to focusing voltages
UP/Uf is varied in the simulation and for each the focal planes for time of ﬂight
as well as position are determined. The intersection of both is than chosen to be
the focal plane in the experiment, i.e. the position of the detector. In total the
spectrometer has 34 electrodes, the last one being the drift tube. The total length
of the spectrometer head is thus 170mm, followed by a 666mm ﬁeld free drift tube.
The collision region is situated at electrode 11, which corresponds to a distance of
50.5mm away from the pushing electrode. Electrode 14 is used as the focusing plate.
This conﬁguration leads to a focal plane of the spectrometer at 836mm from the
pushing voltage, i.e. 785.5mm downstream the collision region, with an optimized
ratio of Up/Uf = 1.339. The result is shown in ﬁgure 4.21.
The principle of time and position focusing is shown in ﬁgure 4.22. Doubly-
charged rubidium ions emerging from a sphere with 6mm diameter start from the
position of the collision region either without initial momentum, or with a momen-
tum of 10.9 a.u. either in time of ﬂight direction or in y-direction. The pushing
plate is set to 30V, leading to an electric ﬁeld of 1.76V/cm. Ions with no momen-
tum hit the detector at the center after a time of ﬂight of 90.35µs. Ions starting
with initial momentum in transverse direction hit the detector 475 ns later when
applied to the time of ﬂight direction and 16.8mm outside the center when applied
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Figure 4.22: Focusing characteristics of the spectrometer. Simulation of 1000 ions start-
ing from the collision region with a spherical distribution (6mm diameter) and no
momentum (blue), ptrans = 10.6 a.u. in y-direction (red) and in TOF direction
(green). The ions are focused in position and time of flight onto the detector. Due
to the size of the target imperfect focusing can be seen.
to the y-direction. The initial size of the ion distribution of 6mm is focused down
in position to δy < 170µm and in time of ﬂight to 5 ns. Simulations show that the
resolution is limited by the size of the target: the same simulations for a smaller
initial ionization volume of 1mm in diameter show that the ions will be focused
down to δy < 20µm and δt = 1 ns.
Since the size of our trapped atoms turned out to be much bigger than originally
thought, this size dependence is investigated further for smaller momentum transfer,
resulting in a smaller area of the detector which is covered such that the eﬀect can be
seen better. Simulations for typical momenta transferred from photoionization (see
sec. 5.1.3) are shown in ﬁgure 4.23. Due to the much smaller momentum transferred
of only 0.1862 a.u., the electric ﬁeld in the spectrometer head is lowered to 0.3V/cm.
Again, momentum is applied either in TOF or in y-direction. For comparison ions
without initial momenta are also simulated. The left ﬁgure shows the focusing of an
initial spherical ion distribution of 1mm diameter, while the right ﬁgure shows the
same simulation for an initial spherical ion distribution of 6mm. The rather large
ionization volume of 6mm also shows non-perfect focusing for the ions starting from
outside the focal plane of the electric lens.
In order to get best resolution, a small ionization volume is needed. There are
several possibilities of how this can be achieved; either by focusing down the projec-
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Figure 4.23: Simulation of 1000 ions from a sphere with 1 mm diameter starting at the
position of the magneto-optical trap (left) and a sphere of 6mm (right) with either
no initial momentum or initial momentum of 0.1862 a.u. either in direction of time
of flight or in y-direction. The resolution is limited by the size of the initial cloud.
tile beam, which is easy to implement for photoionization experiments, but rather
diﬃcult for ion beams, since the initial beam shape of the ion beam must be well
known. Not only the characterization of ion beams is rather elaborate, but also the
size of the focus itself is limited by repulsive interaction among the ions in the beam
itself. Another possibility is to apply a higher magnetic ﬁeld gradient, which leads
to higher switching times of the target and thus slower repetition rates. Also, the
atoms expand after switching oﬀ the magnetic ﬁeld with a velocity of about 0.2m/s
such that longer switching times lead to smaller densities of the ionization volume.
The most elegant solution is to transfer the trapped atoms in a dipole trap and is
planned as a next step (typical sizes of dipole traps are on the order of 100µm in a
single beam dipole trap or even 30µm when a dimple is included.).
4.6.6 Simulations on ion-atom collisions
The longitudinal as well as the transverse momentum in y-direction are directly
proportional to the position X/Y of the recoil ion hitting the detector (see section
2.1.5). Using SimIon simulations, the parameter linking position and momentum
(see equation 2.21) in x- and y-direction for the UP = 30 V, used in this section, are
determined to a = 0.65. In the case of time of ﬂight (see equation 2.24), b = 23.0 is
obtained. These parameters are of course a function of the applied pusher voltage as
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well as the charge state of the recoil ion. However, the spectrometers diﬀer slightly
from the simulations. Therefore, these parameters are determined experimentally
from know spectra which are measured prior to the actual experiment.
The setup is designed to investigate multiple charge transfer between highly
charged ions and rubidium atoms at the HITRAP facility at GSI Darmstadt. In this
facility slow highly charged ions up to bare uranium will be available. In ﬁrst test
experiments collisions between rubidium atoms and Ar16+ from an EBIT, which is
connected to the same beamline, are planned:
Rb(5s) + Ar16+ −→ Rb(5s)n+ + Ar(16−n)+. (4.11)
In these experiments very large scattering angles up to 0.5mrad and energy transfer
of 150 eV are expected [56]. Exemplary simulations for four diﬀerent scenarios at
a projectile velocity of vP = 0.3 a.u. have been performed: two diﬀerent Q-values
Q = 150 eV and Q = 151 eV with corresponding scattering angles of 0.3mrad and
0.5mrad. For the simulations 1000 ions are Gaussian distributed with a size of
σx,y,z = 0.3mm. The extraction ﬁeld within the spectrometer is 1.76V/cm such
that a large area of the detector is covered. The three-dimensional distribution of
the recoil ions at the focal plane is shown in ﬁgure 4.24. Due to the symmetry of
the collision the projection shows a ring in the transverse momentum direction. The
diﬀerent Q-values result in discrete lines along the x-direction.
The projection of the ion distribution on the xy-plane shows the focusing charac-
teristics of the spectrometer. The initial spatial ion distribution is focused down
to a ﬁnal σx = 0.03mm and is thus one order of magnitude smaller than ini-
tially. The resolution of the spectrometer for these parameters is simulated to be
δptrans = δplong < 0.05 a.u..
The overlap of the target with the projectile beam must not necessarily be in
the center of the spectrometer head. The focusing capability of the spectrometer for
small deviation from the center are shown in ﬁgure 4.26 for an initial ion distribution
with σ = 0.3mm produced with a Ar16+ projectile beam at a velocity of vP = 0.3 a.u.
and a Q-value of Q = 150 eV. Even if the collision region is displaced by 5mm from
the center of the spectrometer, the ions are still focused to less than 60µm, which
is still smaller than the typical resolution of an MCP.
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Figure 4.24: Simulated time of flight and position of the projected ion distribution after
collision with Ar16+ and a Q-value of 150 eV (red) and 151 eV (blue) with scattering
angles of θ = 0.3mrad and θ = 0.5mrad respectively.
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Figure 4.25: Projection on the xy-plane of the simulated ion distribution. The initial size
of the ion distribution is focused down by one order of magnitude from σ = 0.3mm
to σ = 0.03mm, leading to a resolution better than δp = 0.05 a.u.
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Figure 4.26: Focused ion distribution for displacement of the ionization volume from the
center of the spectrometer head. Even for a displacement of 5mm from the center of
the trap the projected ion distribution is still well below 100µm, which is the typical
resolution of MCPs.
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Chapter 5
Characterization of the setup using
photoionization
This chapter presents the ﬁrst experimental results obtained with the upgraded
setup. Non-resonant two-photon ionization of cold rubidium atoms is used as a ver-
satile tool to characterize the setup. The theoretical background on photoionization
is given in section 5.1. In ﬁrst experiments, photoionization is used to characterize
the atom beam as well as the 3D MOT. The experimental setup is presented in sec-
tion 5.2. This measurement does not only represent an alternative and independent
measurement tool for state of the art density measurements, but also, for the ﬁrst
time, gives insight into the optimized spatial arrangement of the atom beam gener-
ated from the 2D MOT with respect to the trapping in a 3D MOT and is described
in section 5.3. In section 5.4, we show how photoionization of magneto-optical traps
can be used to characterize the recoil ion momentum spectrometer. The velocity dis-
tribution of the atom beam is an alternative to calibrate the spectrometer, presented
in section 5.5.
5.1 Photoionization
Photoionization of atoms can occur during interaction of an atom with an elec-
tromagnetic ﬁeld. In a rigorous treatment both the atomic system as well as the
radiation ﬁeld need to be treated quantum mechanically, although many textbooks
treat the radiation ﬁeld classically. In this section the treatment proposed by [97]
and summarized in [98] will be followed. Photoionization occurs when an atom in
an initial state |φi〉 absorbs a photon with energy ~ωphoton bigger than the ionization
energy Eion of that initial state
~ωphoton > Eion. (5.1)
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The energy released in this process is the diﬀerence between the binding energy
and the photon energy. This energy is distributed among the resulting ion and the
ejected electron according to momentum conservation.
The interaction between an atom and a radiation ﬁeld can be seen as a per-
turbation of the non-interacting Hamiltonian Hˆ0 of the atom and the photon ﬁeld.
The perturbation causes time-dependent transitions between the unperturbed eigen-
states |φi〉 of the initial system and can, in the low intensity limit, well be described
by the time-dependent perturbation theory. The system is then described by the
Hamiltonian
Hˆ = Hˆ0 + Wˆ (t), (5.2)
where W (t) is the interaction Hamiltonian. The eigenstates |φi〉 of the unperturbed
Hamiltonian H0 form a complete basis in which the time-dependent wavefunction
|Ψ(t)〉 of the system can be expanded. The transition probability per unit time from
the initial to the ﬁnal state |φf〉 in the ﬁrst order perturbation theory is given by
Fermi’s Golden rule:
P|φi〉→|φf〉 =
2π
~
∣∣∣〈φi|Wˆ |φf〉∣∣∣2 ρ(Ef = Ei), (5.3)
where ρ(Ef ) is the density of ﬁnal states in the continuum and its precise deﬁnition
depends on the normalization of the ﬁnal states.
In case of a quantized radiation ﬁeld, the non-interacting Hamiltonian is a sum
of the atomic and a radiative ﬁeld part:
Hˆ0 = HˆA + HˆF . (5.4)
The interaction Hamiltonian Wˆ (t) is given by
ˆW (t) =
e
mc
N∑
i
[pˆi · Aˆi(r, t) + Aˆi(r, t) · pˆi], (5.5)
where Aˆi(r, t) is the vector potential obtained using the Gauge theory, pˆi is the
momentum of the electrons, m the mass, e the elementary charge and c the speed
of light. In the ﬁrst order perturbation theory again the quadratic contribution of
the vector potential can be neglected. In this quantized radiation picture, the initial
state |φi〉 and ﬁnal state |φf〉 can be written as a product of an atomic eigenstate
|Φn〉 of HˆA and an eigenstate of the ﬁeld operator HˆF :
|φi〉 = |Φi〉|..., nλ, ...〉, |φf〉 = |Φf 〉|..., n′λ, ...〉. (5.6)
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nλ and n′λ are the occupation numbers of the eigenstates. The corresponding energies
of the ﬁnal states Ei and Ef are the sum of the respective eigenvalues ǫi and ǫf of
HˆA and the energy of the photon ﬁeld. During absorption, usually only one mode
contributes while all other modes play the spectator role and
Ei = ǫi + nλ~ωλ plus energy of spectator modes, (5.7)
Ef = ǫf + n
′
λ~ωλ plus energy of spectator modes. (5.8)
From this the energy conservation can be deduced
ǫf − ǫi = (nλ − n′λ)~ωλ, (5.9)
saying that the energy gain of the atom corresponds to the energy loss of the photon
ﬁeld.
If the wavelength of the absorbed photons is much larger than the spatial size of
the atom the dipole approximation holds. In this case the matrix elements can be
reduced to only a matrix element involving the atomic degrees of freedom and reads:
Wfi ∝
N∑
i=1
〈|Ψf |pif · pˆi|Ψi〉Fλ (5.10)
where pif is the polarization of one mode λ and Fλ stands for the ﬁeld contribution,
given by
Fλ = 〈..., nλ, ...|bˆλ + bˆ†λ|..., n′λ, ...〉. (5.11)
bˆλ and bˆ
†
λ are the annihilation and creation operators for photons which respec-
tively lower or raise the number of photons in one mode deﬁned as bˆ†λ|..., nλ, ...〉 =√
n + 1|..., nλ+1, ...〉 and bˆλ|..., nλ, ...〉 =
√
n|..., nλ− 1, ...〉. It follows that the tran-
sition rate is proportional to the number of photons absorbed from one mode λ and
the ionization rate can be written as the product of a cross section σion and the
number of photons per unit time and area Φ
P|φi〉→|φf 〉 = σion ·Φ. (5.12)
The cross section is then given by
σion(E) = 4π
2 e
2
~c
~ωλ|piλ · rfi|2. (5.13)
Due to the normalization of the ﬁnal states 〈Φf (E)|Φf(E ′)〉 = δ(E − E ′), rfi has
the dimension of length times the inverse square root of an energy, such that the
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cross section has the dimension of an area.
5.1.1 Multiphoton ionization of atoms
Pulsed lasers have enough energy in one pulse to induce multiphoton ionization,
i.e. the absorption of more than one photon per pulse where the energies of the
photons sum up, leading to ionization even if the photon energy is lower than the
ionization energy of the atom. This is called multiphoton ionization. Two diﬀerent
scenarios are possible: the atom absorbs two or more photons non-resonantly, where
no atomic state is resonant to the photon energy (see ﬁgure 5.1 c)). In case the
atom has a bound state resonant with the photon energy of a mode of the ionizing
ﬁeld, the process is called resonance enhanced multiphoton ionization (REMPI) and
is sketched in 5.1 b).
The process of multiphoton ionization is less likely than one-photon ionization and
higher orders need to be included in the perturbation theory to describe it. Multi-
photon ionization almost exclusively occurs in the light ﬁeld of pulsed lasers, where
the peak intensities are high enough. For two-photon ionization the probability
of ionization is obtained from second order perturbation theory and the ionization
probability is now proportional to the square of the photon ﬂux [97, 99]
P|φi〉→|φf 〉 = σ2,ion(ω) ·Φ
2, (5.14)
a) b) c)
Figure 5.1: Ionization schemes for multiphoton ionization. In a) absorption of one pho-
ton, where the photon energy is bigger than the ionization energy of the atom, leads to
ionization. In b) REMPI is shown, where the atom absorbs two photons, the first pho-
ton populates a bound state of the atom. In c) non resonant multiphoton ionization
is shown.
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where σ2,ion(ω) is the two-photon ionization cross section and is proportional to the
summation over all intermediate states m, weighted with the detuning ∆E
σ2,ion(ω) ∝
∑
m
〈f |dˆ|m〉〈m|dˆ|i〉
Em − E − i− ~ω − iη~ . (5.15)
dˆ is the dipole operator. The term iη~ can be neglected in case of nonresonant mul-
tiphoton ionization. Including the fact the multiphoton ionization is only observed
in pulsed laser with pulse length τ and repetition rate νrep, the rate for two-photon
ionization is given by
R(ω) = τνrep ·Na ·σ2(ω) ·Φ2. (5.16)
Na is the number of atoms in the ionization volume.
The experiments reported on in this thesis are all done in the low intensity regime.
However, with the development of very short, high intensity laser pulses many diﬀer-
ent eﬀects have been observed. Namely above threshold ionization can be observed,
where a bound electron can absorb more photons than needed for ionization and
the electron energy spectrum shows a whole series of equidistant energy peaks, each
separated by one photon energy [100]. At high enough intensities of the radiation
ﬁeld the external ﬁeld dominates the ionization process by modifying the atomic
potential. Diﬀerent regimes can be distinguished here, depending on how strong the
atomic potential has been modiﬁed. Tunneling ionization occurs when the potential
barrier is lowered by the external ﬁeld and the electron can tunnel through, even
if the electron is still in a bound state [101]. When the potential barrier is lowered
even further, such that even the ground state is not bound any more, over-the-
barrier ionization occurs [102]. Depending on the pulse length, the ionized electron
can rescatter with the electric ﬁeld [103].
5.1.2 Angular distribution of photoelectrons
In photoionization experiments one important feature is the angular distribution of
the ejected electron. In the case of one-photon ionization of ground state atoms the
angular distribution of photoelectrons is given by the diﬀerential cross section for
photoionization [104] and can be written as
dσ(1)
dΩ
=
σtotal
4π
(1 + β2P2(cos(θ))), (5.17)
where θ is the angle between the direction of the emitted electrons and the quanti-
zation axis, in this case the polarization axis of the ionizing light. σtotal is the total
85
CHAPTER 5. CHARACTERIZATION OF THE SETUP USING
PHOTOIONIZATION
ionization cross section and P2 is the second order Legendre polynomial. β2 can
take values between -1 and 2 and is called the anisotropy parameter. For β2 = 0 the
emission is isotropic, whereas for β2 = -1 and β2 = 2 the anisotropy is largest. The
angular distribution for these cases is depicted in polar coordinates in ﬁgure 5.2.
Equation 5.17 is only valid for an isotropic initial state, i.e. when all m-substates
of the initial atoms are equally populated. Therefore, in the case of resonant or
nonresonant multiphoton ionization, where the intermediate states populate more
than one m-substate, higher order Legendre polynomials have to be included. The
only exception is resonant multiphoton ionization when all states being populated
have the same number of m-levels and the light is linearly polarized. For all other
cases of N-photon ionization equation 5.17 can be generalized to [105]
dσ(N)
dΩ
=
σtotal
4π
N∑
j=1
β2jP2j(cos(θ)). (5.18)
The physical interpretation of this distribution is that starting from a spatially
isotropic atom the interaction with the incoming photon leads to a dipole character
of the total system, displayed in the spatial anisotropy. For N photon absorption,
the spatial anisotropy is increased N times, again due to the dipole character of each
photon-atom interaction. Thus angular distributions including higher polynomials
always have higher spatial anisotropy, i.e. higher emission probability along the
polarization axis of the laser. The angular distribution for two-photon ionization
with β4 = 1 is shown in ﬁgure 5.2 a) and b). In both cases β2 is kept constant as
compared to 5.2 c) and d), now including a second order polynomial of β4 = 1, as
a typical example of two-photon ionization.
5.1.3 Multiphoton ionization of rubidium atoms
In the following multiphoton ionization of 85Rb is described in more detail. In the
current experiment a pulsed frequency doubled Nd:Yag laser emitting light at 532
nm with a pulse width of 10 ns and a repetition rate of 20 Hz is used for non-resonant
two-photon ionization of the magneto-optically trapped atoms. Due to the cooling
and trapping light, which is resonant with the D2 line (5S1/2 → 5P3/2), we estimate
that always a fraction of 30 % (see section 4.5) of the atoms are in the excited
state. Ionization from the ground state is achieved by switching oﬀ the trapping
light prior to ionization. The ionization energy from the ground state is 4.177 eV,
the one from the excited state is 2.58 eV. One photon of the Nd:Yag laser carries
2.33 eV such that ionization from both states involves absorption of two photons.
The energy width of one laser pulse is only 0.2 µeV and can be neglected. The
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Figure 5.2: Angular photoelectron emission distribution for different anisotropy parame-
ters during multiphoton ionization.
Upper graphs: one-photon ionization: a) β2 = 1, β4 = 0, b) β2 = 2, β4 = 0,
Lower graphs: two-photon ionization: c) β2 = 1, β4 = 1, d) β2 = 2, β4 = 1,
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Figure 5.3: Energy level diagram of 85Rb. Only the important levels for multiphoton
ionization discussed in the text are shown. Hyperfine splittings are not shown. Values
taken from [106].
energy level diagram including the most important levels that need to be considered
for multiphoton ionization is shown in ﬁgure 5.3.
Ionization from the ground state leads to
Rb(2S1/2) + 2hν → Rb+(1S0) + e− +∆E (5.19)
with an excess energy of ∆E = 0.543 eV. Leaving the trapping light on and ionizing
from an excited state leads to ∆Eexc = 2.0 eV. The excess energy translates into
kinetic energy of the fragments, i.e. the electron and the rubidium ion (see equation
equations 2.15 and 2.16). It follows that the ﬁnal center of mass velocity of the
recoil ion is
vRb =
√
2∆E
mRb(
mRb
me
+ 1)
, (5.20)
where mRb is the mass of rubidium and me the electron mass. This leads to vRb =
2.645 m/s for the recoil ion. For comparison the mean velocity of atoms trapped
88
5.2. EXPERIMENTAL SETUP FOR THE PHOTOIONIZATION
MEASUREMENTS
in the magneto-optical trap is on the order of 0.2 m/s. Ionization from the excited
state 5P3/2 leads to vRb,exc = 5.5 m/s.
One color two-photon ionization cross sections of rubidium have been been stud-
ied extensively experimentally and theoretically in the literature [107, 108, 109, 99].
It depends in particular on the wavelength due to the occurrence of destructive in-
terference or resonant transition, depending on the ionization path. The wavelength
dependence of one-color two-photon ionization for rubidium has been measured by
[107].
For the photon energy of the ionization light used in this work, λ =532 nm, a
two-photon cross section from the ground state of σ = 2.29(14)×10−49 cm4s has
been measured in [107] using the trap loss method [110].
5.2 Experimental setup for the photoionization
measurements
All measurements reported on in this section are done using the same experimental
setup and are based on the non-resonant two-photon ionization of cold rubidium
atoms using a pulsed frequency-doubled Nd:YAG laser at 532 nm [111, 112]. The
dominant process at these low intensities is non-resonant two-photon ionization from
either the ground or the excited state
Rb(2S1/2) + 2hν → Rb+(1S0) + e− +∆E1 (5.21)
Rb(2P3/2) + 2hν → Rb+(1S0) + e− +∆Eexc, (5.22)
releasing an excess energy of ∆E1 = 0.543 eV and ∆ Eexc = 2.08 eV respectively.
The duration of the laser pulses is 10 ns at a repetition rate of 20Hz. The output
power of the laser at 532 nm is 245 mJ which would in our setup ionize 105 atoms per
laser pulse and would lead to a Coulomb explosion. Since we want to measure the
recoil ions’ momentum with high precision even a low number of ions per laser pulse
would interact on their way to the detector and broaden the measured spectrum.
Only one ion per laser pulse is therefore necessary. In order to only have one ion per
laser shot typical powers needed are, depending on the laser focus and density in the
rubidium target, about 5 orders of magnitude lower than the available laser power.
Hence a glass plate is placed right after the output of the pulsed laser, splitting up
less than 1 % of the laser light used for the experiment. The main part is dumped in
a beam dump. The remaining intensity of the laser beam can be further attenuated
using neutral density ﬁlters with diﬀerent optical densities. The laser is placed on a
separate optical table and is coupled into the chamber with mirrors. The target is
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situated at the center of the recoil ion momentum spectrometer, and can, depending
on the experiment, either be the atom beam generated by the 2D MOT or atoms
trapped in the 3D MOT. A schematic sketch is depicted in ﬁgure 5.4.
The last two mirrors are used to walk the beam and optimize its overlap with
the target, leaving it perpendicular to the y- and z-axis of the spectrometer. After
the last mirror a lens with focal length f = 400 mm focuses the laser down to a
1/e2-diameter of 20 µm at the interaction volume, resulting in a Rayleigh range
of zR = 2.36 mm. This lens is positioned on a single-axis translation stage such
that it can be translated along the x-axis of the spectrometer with high precision.
Since some of the atom-light interaction described in the following depends on the
polarization of the ionization laser, a polarizing beam splitter (PBS) is placed behind
the lens, giving a well-deﬁned polarization axis. It is followed by a half-waveplate,
Figure 5.4: Sketch of the experimental setup for the photoionization measurements. A
pulsed laser is coupled into the chamber with two mirrors and is focused onto the
target atoms (atom beam or 3D MOT) at the center of the recoil ion momentum
spectrometer. For best overlap of the laser focus with the target, the focusing lens
is positioned on a single-stage translation stage. A polarizing beam splitter (PBS)
defines the linear polarization axis of the laser which can be rotated using a half-
waveplate. After photoionization, the recoil ions are accelerated towards and detected
by a 2 dimensional position sensitive detector (2D PSD) which they reach after a
certain time of flight.
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such that the polarization axis of the linearly polarized light can be rotated. After
ionization the recoil ions are pushed out of the interaction volume by an electric ﬁeld
of 0.28 V/cm which is applied to the electrodes of the spectrometer and accelerated
towards the downstream ion detector which consists of a MCP followed by a delay-
line anode. Detecting the recoil ion in coincidence with the laser pulse, time of ﬂight
and position of the recoil ions can be determined (see section 4.6).
5.3 Using photoionization for characterization of
the targets
5.3.1 Density profile of the trapped atoms
In a ﬁrst experiment the spectrometer setup can be used as a simple ion counter.
The pulsed laser photoionizes the trapped atoms which are, as described above,
subsequently accelerated towards the ion detector using a weak electric ﬁeld. The
number of ions produced in a certain time is counted. As described in section 4.5, the
3D trap can be operated either in a bright MOT or in a dark SPOT conﬁguration.
The standard way to characterize cold atom clouds is absorption imaging [113].
Using this technique we can characterize the trapped atoms in atom number, size,
peak density and temperature. From these measurements we deduced an increase
of density, depending on the parameters used for the dark SPOT, of up to one order
of magnitude. The problem with density measurements in a dense cloud is that the
cloud might get optically thick for the absorption beam, leading to an error in the
calculation of the peak density in the cloud. An independent measurement of the
density proﬁle of the could can be performed using photoionization.
For the density proﬁle measurements the laser focus is scanned through the cold
atom cloud along the x-axis of the spectrometer using a translation stage and the
ionization rate is measured as a function of the position of the lens. As we saw in
section 5.1, this rate is proportional to the interaction volume and the number of
atoms in this volume and thus to the density1. This means by scanning the laser
focus through the cloud, the density proﬁle of the cloud can be measured. Due to
the Rayleigh range of the pulsed laser of 2.3 mm, the measured density proﬁle is
convoluted with the intensity proﬁle of the ionizing laser. The results for both the
bright MOT and the dark SPOT of these scans is shown in ﬁgure 5.5 a). The density
proﬁle is scanned with a resolution of x = 1 mm. The green crosses correspond to
1Neglecting the difference in the photoionization rate due to the excited state fraction in the
bright MOT (in a dark SPOT most atoms are in the ground state), this rate can be directly
compared to the density measurements using absorption imaging.
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the ionization rate of the bright MOT, whereas the black circles correspond to the
ionization rate measured from a dark SPOT. The red curves are Gaussian functions
ﬁtted to the density proﬁles. The use of a Gaussian ﬁt function for the density
proﬁle of the bright MOT is questionable, since within the error bars also a ﬂat top
distribution could be ﬁtted at the center of the could, as expected in the density
limited regime in the MOT [114]. From the Gaussian ﬁt functions we deduce a
maximum rate of 65 Hz from the bright MOT, compared to 351 Hz from the dark
SPOT, which corresponds to an increase in rate and thus density of 5.4. The FWHM
of the dark SPOT is 9.3 mm and thus slightly larger than the size of the bright MOT,
which amounts to a FWHM of 8.6 mm. Since this measurement is convoluted with
the intensity distribution of the ionization laser, the FWHMs are overestimated by
about 4 %. From the corresponding absorption images for the dataset presented
here we expect a peak density of 2.0× 1010 atoms/cm3 in the bright MOT, whereas
the peak density in the dark SPOT is determined to be 1.2 × 1011 atoms/cm3,
corresponding to an increase in density of a factor of 6 which agrees well with the
ionization measurements within the error bars.
5.3.2 Density profile of the atom beam
The technique of photoionization oﬀers a unique tool to characterize the density
proﬁle of the atom beam, which is otherwise done by measuring the atom beam
ﬂuoresce using a light sheet. This measurement leads to large systematic errors due
to the unknown fraction of photons detected.
In the following, only the atom beam is used as a target. To compensate for
the reduced density in the atom beam, the intensity in the photoionization laser
is increased by a factor of 10. From the ionization measurements of the 3D traps,
a density can be deduced from the ion rate. The laser is again scanned through
the atom beam along the x-axis of the spectrometer using a translation stage. The
results of the scan through the atom beam are shown in ﬁgure 5.5 b). Again, the
data is ﬁtted with a Gauss function, leading to a maximum rate of 4.1 Hz, which
corresponds to a peak density of 1× 107 cm−3. The FWHM size of the atom beam
is 11.18mm, from which the divergence of the atom beam can be deduced and is
determined to be α = 23.3mrad, α being the full opening angle, since the distance
from the exit hole to the interaction volume is 480 mm. This divergence corresponds
to a transverse temperature in the atom beam of vT = 0.19 m/s, which is on the
same order as measured in the 3 dimensional trap.
Next to the determination of the density in the atom beam, this measurement
also gives unique insight in the spatial position of the 2D MOT with respect to
the 3D MOT and is of great interest for the design of 2D MOTs. As described in
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Figure 5.5: Density profile measurement of the atom beam and the dark SPOT and bright
MOT convoluted with the intensity profile of the ionizing laser as a function of the
position of the ionizing laser (the Rayleigh range of the laser is 2.3 mm). The laser
with a focus of 20 µm is scanned through the atom cloud and the atom beam in order
to determine the column density profile. The size of the MOT in bright state is 8.6
mm (FWHM), in the dark SPOT 9.3 mm (FWHM) and the size of the atom beam
at the interaction volume is 11.2 mm. The arrows indicate the positions of highest
density in the atom beam and the 3D MOT respectively. The error bars correspond
to the statistical errors.
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section 4.4, using a bellow to connect the 2D MOT module to the main chamber,
the direction of the atom beam can be changed. With this bellow, the position of
the atom beam with respect to the trapping volume and the position of the trapped
atoms can be optimized. This is necessary due to the following two reasons: if the
atom beam hits the center of the 3D MOT, the relatively warm atoms from the
2D MOT collide with the trapped atoms, leading to a loss in the 3D trap. On the
other hand, the atom beam needs enough overlap with the cooling volume to scatter
enough photons for being trapped. As we see from the measurements in ﬁgure 5.5,
the best position of the atom beam is not at the center of the 3D trap, but has been
measured to be 4.5 mm away from the center of the 3D trap. The position of the
atom beam with respect to the 3D trap is indicated by the blue arrow in ﬁgure 5.5
a), whereas the position of the center of the 3D trap is indicated by the green arrow
in ﬁgure 5.5 b).
5.3.3 Velocity distribution of the atom beam
State of the art characterization of atom beams generated by 2D MOTs is done by
detecting the ﬂuorescence by shining in resonant laser light onto the atom beam.
Velocity characterization can be done using a time of ﬂight method, where the 2D
MOT is periodically switched oﬀ and the decay of the ﬂuorescence is measured as a
function of time [87, 86]. The decay of the ﬂuorescence signal gives a time of ﬂight
distribution, which can be transformed into the longitudinal velocity distribution of
the atom beam. This method has been used to characterize our 2D MOT prior to
its implementation in the MOTRIMS setup and the details of it can be found in the
diploma thesis of B. Höltkemeier [86].
We want to use the same principle using photoionization measurements, which
gives us an independent measurement on the velocity distribution of the atom beam
and can be compared to the results obtained from the ﬂuorescence measurements
from [86]. The ion rate is now measured as a function of time after switching oﬀ the
2D MOT. We therefor use the signal of a laser pulse to trigger the experiment. A fast
photodiode (EOT, 23-2397A) picks up a signal from the pulsed laser. This signal is
discriminated and triggers a pulse generator (Quantum Composer, 9520), which is
used to switch oﬀ the AOMs of the lasers of the 2D MOT a variable delay ∆t prior
to the ionization process. Furthermore, a second signal from the pulse generator is
delayed by the time of ﬂight of the recoil ions in the spectrometer and drift tube
and is used to gate the MCP back signal, such that only ions are recorded which
are ionized from the laser pulse. By changing the delay ∆t, the velocity distribution
of the atom beam is scanned. Special care has to be taken, since the time of ﬂight
of the atom beam is about 40 ms, whereas the repetition rate of the laser is 20 Hz,
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e.g. the time diﬀerence between the pulses is 50 ms. In order to ensure that also the
slowest atoms have reached the detection region before the atom beam is switched
back on, only every ﬁfth laser pulse is used to trigger the experiment. The ion rate
is now measured as a function of the delay ∆t.
The laser settings for the 2D MOT are adjusted to the ones used in the ﬂuores-
cence measurements, i.e. total power in the cooling beams is Pcooler = 124mW at a
detuning of δ = -12MHz, and 6.6 mW in the repumping beams. The pushing beam
carries a power of 0.9mW at a detuning of −40MHz. The results of these measure-
ments are shown in Fig. 5.6. The solid line is an interpolation of the data points
taken using the photoionization time of ﬂight measurements. The dashed line is the
ﬂuorescence signal. The data has been scaled to the same area under the curves.
The deduced velocity distributions from the two independent measurements agree
well. The mean longitudinal velocity is 13.6 m/s with a FWHM velocity spread of
3.5m/s, which corresponds to 0.25 a.u..
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Figure 5.6: Measured velocity distribution of the atom beam using a time of flight
method, where the number of atoms in the beam is determined as a function of time
after the 2D MOT has been switched off. The solid curve is an interpolation of the
TOF measurements ionizing the atoms from the atom beam. The dashed curve is the
fluorescence measurements (from [86]). The data has been scaled such that the area
under the curve is the same. The mean velocity is 13.6 m/s with a FWHM velocity
spread of 3.5 m/s.
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5.4 Characterization of the recoil ion momentum
spectrometer
We want to use the recoil ions’ momentum after photoionization to characterize the
RIMS. Therefor the momentum of the recoil ions is measured by detecting the recoil
ions’ time of ﬂight and position. As we saw in section 4.6 time and position focusing
of the recoil ions in the spectrometer is obtained by including an electrical lens in
the electric ﬁeld conﬁguration. One plate is set to an independent voltage such that
the spectrometer consists of one ﬁeld region for extracting the recoil ions, and one
for focusing the recoil ions.
For the ionization process several considerations need to be taken into account:
The target should be in a well deﬁned initial state, which can be achieved by switch-
ing oﬀ the cooling lasers prior to the ionization process. Furthermore, space charge
eﬀects need to be avoided in the experiments, since this would lead to a broadening
of the measured spectra. Also, detection of the position of the recoil ion using the
delay-line is only possible for detection of single hits. Therefore the intensity in the
laser pulse should be attenuated such that only one ion per laser pulse is produced.
Furthermore the magnetic trapping ﬁeld should be switched oﬀ in order to obtain
best resolution. The experiment can thus not be operated in continuous mode any
more.
From equation 5.22 we can deduce that ionization of ground state atoms using 532
nm light results in a center-of-mass momentum of the recoil ion of 0.1885 a.u., which
corresponds to a center-of-mass velocity of 2.6m/s. The velocity of the atoms in the
trap, at a typical temperature of 200µK, yields to a momentum spread of 0.017 a.u.,
whereas the longitudinal velocity spread in the atom beam is on the order of 3.5
m/s (FWHM), corresponding to 0.25 a.u.. The experiment is thus performed using
3 dimensionally trapped atoms. Using linearly polarized light the ejected electrons
are most probably ejected along the polarization axis of the laser (see section 5.1)
leaving the recoil ions with a momentum kick in opposite direction. The momentum
of the recoil ion can be measured using the recoil ion momentum spectrometer and
can be used to calibrate and characterize the spectrometer. The polarization axis
of the ionizing laser can either be parallel to the time of ﬂight axis2, leading to
recoil ions with momenta transferred and detected along the time of ﬂight, or can
be rotated such that it is parallel to the y-axis of the spectrometer and the recoil
ions then hit the detector at diﬀerent Y -positions.
2In order not to confuse the reader the momenta parallel to the polarization axis of the laser are
not called longitudinal momenta as it is usually done in the literature, but transverse,y/tof,
such that it is consistent with the notation throughout the thesis.
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5.4.1 Timings and data acquisition
In RIMS, the three-dimensional information on the momentum transferred to the
recoil ion is obtained from the position where the ions hit the detector and their
time of ﬂight (see section 2.2.1). In the experiment this information is gained using
a delay-line anode, where spatial information is obtained from the arrival times of
signal induced on the delay-line with respect to an initial trigger. The ions hitting
the MCP induce voltage spikes in the delay-line, which are coupled out capacitively
and are preampliﬁed, before passing a constant fraction discriminator (CFD), giving
out a logic NIM signal. The ion signal from the MCP triggers the internal clock of
a time-to-digital converter (TDC). The signals from the delay-line anode are sent
to the TDC as stops. Time of ﬂight information is obtained from a logic signal
generated by the laser pulse, which is delayed in time by a constant delay such that
it always reaches the TDC after it has been triggered and is used as a ﬁfth stop. An
overview of the data acquisition used in the experiment is shown in ﬁgure 5.7. The
raw data from the TDC is read out by a personal computer, stored in its memory
and written down as .root ﬁle 3 once the measurement is ﬁnished.
The whole experiment is triggered by the repetition rate of the pulsed laser. The
trigger from a laser pulse is obtained by detecting a small amount of the laser
pulse with a fast photodiode (EOT, 23-2397A) which is subsequently discriminated.
The discriminator gives out a logic TTL signal, which triggers a pulse generator
(Quantum Composer, 9520). This pulse generator delays the signal and gives out
three pulses: the trigger for the experimental control which switches oﬀ the MOT4,
two signals which are delayed by the time of ﬂight of the ions in the drift tube, one
used for the ﬁfth stop in order to obtain the time of ﬂight information, and one
which is used as a gate for the MCP back signal. This gate suppresses background
in the measurements. Since the background in the experiment is low, typically 20
Hz coming from ions produced in the MOT and dark counts of the MCP, the gate
is usually set to 2.2 µs. In background measurements it has been veriﬁed that no
background ions are recorded in this time window. Thus only events originating
from the laser pulse trigger a measurement.
The switching scheme is shown in ﬁgure 5.8. The whole experimental sequence is
synchronized to the pulsed laser. The magnetic trapping ﬁeld coils are switched oﬀ
1.18 ms prior to the atom-photon interaction such that no eddy currents are present
during photoionization. In order to avoid optical pumping when switching oﬀ the
trapping ﬁeld, the trapping light of the 3D trap is switched oﬀ simultaneously. The
3For more details please refer to http://root.cern.ch/root/InputOutput.html
4The experimental control could not be used instead of the pulse generator due to its insufficient
time resolution of 10 ns.
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Figure 5.7: Data aquisition for photoionization measurements. The pulsed laser triggers
the whole sequence. A signal from the laser pulse is discriminated and used to trigger
a pulse generator. One output of the pulse generator is used to trigger the experi-
mental control, switching off the magnetic trapping field and the 3D MOT lasers prior
to ionization. The ion signals are coupled out from the MCP back and the delay-line
anode capacitively and are discriminated using CFDs (Constant Fraction Discrimi-
nators). The MCP back signal is gated with another delayed signal from the pulse
generator and starts the TDC, such that only photoionized ions are recorded. Position
information on the recoil ions is obtained from the delay-line anode while time of flight
information is obtained from the time difference between the laser pulse and the ion
hitting the MCP.
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Figure 5.8: Timings for the photoionization measurements in pulsed mode. A delayed
signal from the pulsed laser is used to trigger the experiment. The cooling lasers and
magnetic trapping field are switched off 1.18 ms before ionization, such that all eddy
currents have vanished. The ion gate is used to gate the MCP back signal 315 µs after
the ionization pulse, which corresponds to the time of flight of the ions in the drift
tube.
ion gate is delayed by the time of ﬂight of the ions in the dirft tube and is typically
315 µs.
5.4.2 Simulations of the real detector
Opposed to the optimized resolution of the detector, all data in this thesis were taken
connecting the focusing voltage Uf to plate 16 instead of plate 14. In order to analyze
it’s eﬀect on the resolution, investigation of the optimal focusing voltages and focal
plane are repeated (see section 4.6) with simulations using SimION. Changing the
ratio UP/Uf the focal planes in TOF and position are determined. The results are
shown in Fig 5.9. From the simulations we see that the optimal focal plane is shifted
by 20mm to 856mm, at now a ratio of UP/Uf = 1.425. In the experiment the focal
plane, corresponding to the position of the detector, cannot be moved, such that
either the time of ﬂight or position can be optimized.
Using UP/Uf = 1.39 and UP = 5 V, which corresponds to the ratio optimized in
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Figure 5.9: Simulation of the focal planes for time of flight and position focusing for the
current configuration of the spectrometer. By changing the ratio of the pushing and
the focusing voltage, the focal planes in TOF and position are determined.
the experiment, the focusing capabilities of the spectrometer are shown in ﬁgure
5.10. Ions without any momentum would hit the detector at the center after a
time of ﬂight of 312.15 µs. Applying an initial momentum of pTOF = 0.18 a.u. to
the recoil ion along the time of ﬂight axis leads to a diﬀerence in time of ﬂight of
δt = 107 ns. Recoil ions with the same initial momentum along the y-axis of the
spectrometer will be projected at Y = 0.96 mm outside the center of the detector
after the same time of ﬂight as the ones without any initial momentum. Initially,
1000 ions were distributed on a sphere with a diameter of 1 mm at the collision
region of the spectrometer. From this graph it can be seen that in the current
conﬁguration of the spectrometer the focusing capabilities are expected to be better
in space than in time.
5.4.3 Experimental results
The spectrometer is characterized using photoionization measurements of rubidium
ground state atoms. The laser beam proﬁle of the pulsed laser is not a perfect
TEM00 mode such the focus, using a lens with focal length f = 400 mm, leads not
as expected to a waist of 7.5 µm, but instead to a waist of 20 µm and a corresponding
Rayleigh range of zR = 2.3 mm. As described above the polarization axis of the
ionizing laser can be rotated such that the initial recoil ion distribution can be
altered and the recoil ion momentum spectrometer can be characterized in its time
of ﬂight as well as in its spatial behavior.
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Figure 5.10: Simulated ion distribution on the detector plane. Ions starting from a
spherical distribution with 1 mm diameter are focused in space and time onto the
detector plane. An initial momentum kick of 0.1862 a.u. parallel to the TOF axis of
the spectrometer results in a difference in TOF of δt = 107ns, whereas ions with the
same initial momentum along the y-axis of the spectrometer hit the detector 0.96
mm away from the center.
In the experiment, plate 11, corresponding to the position of the collision region,
is set to mass by an electrical connection of the plate to the chamber, such that
the inﬂuence of electric stray ﬁelds from the surrounding is minimized. The voltage
diﬀerence is still set to roughly about 5 V, such that the pusher plate is set to UP
= 0.985 V and the drift tube is set to UDrift = -4.0 V. The focusing voltage can
be set independently to a voltage and is optimized during the experiment for best
resolution which is found for UF = -0.39 V. No big eﬀect of the focusing voltage
is observed on the spatial resolution. This might either be due to the fact that
the collision region is forced on mass by the electric contact to the surrounding
chamber, such that changing the focusing voltage only has a minor eﬀect because
the electric ﬁeld in the main region of the spectrometer head (from the pusher plate
to the collision region) is not changed when changing the focusing voltage, or due to
electric stray ﬁelds from the surrounding chamber which limit the resolution of the
spectrometer at these low electric ﬁelds of only 0.28 V/cm. The inﬂuence of stray
electric ﬁelds could be investigated by increasing the extraction ﬁeld and see if the
resolution increases. However, due to the very small distance at which the ions hit
the detector already at these low ﬁelds, this cannot be investigated measuring the
ions’ recoil from photoionization experiments. A larger recoil momentum like e.g.
in ion-atom collisions is needed.
101
CHAPTER 5. CHARACTERIZATION OF THE SETUP USING
PHOTOIONIZATION
 [a.u.]
trans,y p
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
co
u
n
ts
0
50
100
150
200
250
300
350
 TOF [ns]∆
0 100 200 300 400 500 600
Data
Fit
(a) Time of flight distribution
0
50
100
150
200
250
 x [mm]
14 15 16 17 18 19 20 21 22 23
 
y 
[m
m]
20
21
22
23
24
25
26
27
28
29
(b) Raw detector image
Figure 5.11: Time of flight distribution of photoionized recoil ions. The ionization laser
is polarized parallel to the time of flight axis of the spectrometer. Due to the recoil
momentum of the ejected electrons the recoil ions start with an initial transverse
momentum of ptrans = 0.18 a.u. either along or opposite the time of flight direction.
The FWHM of the time of flight distribution is 0.2 a.u. and gives an upper limit for
the achievable resolution. The recoil ions hit the detector in one spot.
The measured recoil ion momentum spectra for photoionization with the pulsed
laser, the polarization axis of the laser beam being parallel to the time of ﬂight axis,
is shown in ﬁgure 5.11. The recoil ions with diﬀerent directions have a diﬀerence in
time of ﬂight of 224 ns, which corresponds to a diﬀerence in momentum transferred
to the recoil ion of ptrans = 2 × 0.18 a.u. Thus the calibration factor in time of ﬂight
axis is 0.00168 a.u./ns. The upper limit for the achievable resolution along the time
of ﬂight axis can be obtained by ﬁtting a Gaussian function to the wings of the time
of ﬂight distribution. This results in an upper limit of 0.2 a.u. (FWHM).
Rotating the polarization axis of the ionizing laser such that it is parallel to the
y-axis of the spectrometer leads to a transverse momentum component of the recoil
ions along the y-axis of the spectrometer. As shown in ﬁgure 5.12 the time of
ﬂight distribution now only shows a single peak, while the recoil ion distribution on
the xy-plane of the detector shows two peaks, as expected. For this data set the
diﬀerence in position of these two peaks along the y-axis is 0.96 mm, leading to a
conversion factor of 0.39 a.u./mm. Note that from the simulations presented above
where the resolution of the detector has not been included we would expect twice
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Figure 5.12: Time of flight and spatial distribution for recoil ions originating from pho-
toionization with a laser polarized along the y-axis of the spectrometer. Due to the
polarization of the laser the recoil ions have an initial momentum component along
the y-axis. The time of flight distribution only shows one peak, while the spatial
distribution on the detector shows two peaks along the y-axis.
the measured distance. Projecting the recoil ion distribution on the y-axis and again
ﬁtting a Gaussian distribution to the projection leads to an upper bound in spatial
resolution of the spectrometer of 0.37 a.u.. Thus, opposite to what is expected from
the simulations, the resolution in time of ﬂight is a factor of two better than in
y-direction.
5.4.4 Angular distribution of photoionized recoil ions
Photoionization leads to an angular distribution of the ejected electrons, and thus
the recoil ions, following a Legendre distribution. The angular distribution can be
deduced from the transverse momentum components of the recoil ions. Depending
on the polarization axis of the ionizing laser the recoil ions are ejected along the time
of ﬂight or the y-axis of the spectrometer, resulting in a dipole like distribution. In
the transverse momentum distribution this should result in two peaks either along
the time of ﬂight axis or along the Y -component.
The measured transverse momentum distributions of the photoionized recoil ions,
with polarization axis along the time of ﬂight axis and the y-axis, respectively, are
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Figure 5.13: Transverse momentum distribution of photoionized recoil ions. The distri-
butions reflect the dipole like character of the photoionization process. Opposite to
what is expected, rotating the polarization axis of the ionization laser by 90◦ does
not lead to a rotation of 90◦ in the transverse momentum distribution. The ions
having different trajectories in the spectrometer have a different time of flight.
shown in ﬁgure 5.13. They reﬂect the dipole like character of the photoionization
process. The spectrum should be rotated by 90◦ when the polarization of the ion-
ization laser is rotated. The measured transverse distribution of the recoil ions is
shown in ﬁgure 5.13 b). The polarization axis is parallel to the y-axis of the spec-
trometer, which means that both peaks should have the same momentum in time
of ﬂight direction. This is not the case, the two peaks show a diﬀerence in time of
ﬂight of about 300 ns. SimION simulations show that even for ions starting up to
1 cm away from the symmetry axis of the spectrometer or away from the collision
area, the ions still hit the detector after the same time of ﬂight. We thus exclude
the possible that this diﬀerence in time of ﬂight is due to the position of the target
in the spectrometer, which is in the experiment some mm away from the simulated
position.
One explanation for the diﬀerence in time of ﬂight in the two peaks we observe
might be electric or magnetic stray ﬁelds. This possibility is investigated using an
analytical model for the spectrometer: At the detector, these two peaks only have a
distance of 1 mm which can also be assumed to be the upper limit for the distance
of the diﬀerent ion trajectories inside the spectrometer. This means that the ﬁelds
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Figure 5.14: Angular distribution of the recoil ions obtained from photoionization, reflect-
ing the dipole like characteristics of the ionization process. In (a) the polarization
axis of the laser is parallel to the time of flight axis. In (b) the polarization axis
of the ionization laser has been rotated by 90◦, leading to a rotation of the ejected
electrons and thus recoil ions. The blue curve is an interpolation of the data points,
the red curve is a fit using eq. 5.24 to the data.
have to diﬀer on this small length scale. We estimated that for a time diﬀerence
of 300 ns at the detector a magnetic ﬁeld gradient on the order of 10 G/cm or
an electric ﬁeld diﬀerence of ∆E = 0.0002 V/cm would be needed. Both of these
gradients do not seem realistic. The magnetic ﬁelds outside the ultrahigh vacuum
chamber have been probed with a Hall probe and only ﬁelds in the range of the
earth magnetic ﬁeld could be detected. Therefore, the origin of this nonlinearity
cannot be explained by stray ﬁelds and its source is still under investigation.
The upper limit for the spatial resolution of the spectrometer has been obtained
from projection of the data onto the y-axis. The non linearity in the time of ﬂight
we observe for diﬀerent trajectories along the y-axis of the spectrometer leads to a
broadening of the projected data and could thus explain the poor spatial resolution
compared to the resolution in the time of ﬂight direction.
Calling the angle between the ptrans,tof and ptrans,y axis θ, one obtains the angular
distribution of the recoil ions. The polar plots of these results are shown in ﬁgure
5.14. The angular recoil ion distribution for the polarization along the y-axis is
taken from a projection on the xy-plane (see ﬁg 5.12 b)) instead of the TOF − y-
plane where the already discussed non linearity dominates the distribution. Due to
the cylindrical symmetry of the spectrometer in the xy-direction this substitution
of the axis is justiﬁed. The blue curve is an interpolation of the data points, while
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the red curve is a ﬁt to the data using equation 5.24. Since the ionization process
is a two-photon process the anisotropy parameter up to second order needs to be
included.
The measured spectra of the recoil ions are convoluted with the resolution of
the spectrometer. Due to the diﬀerence in resolution along the two transverse mo-
mentum components in the spectrometer, the angular distribution does not agree,
leading to diﬀerent values for the anisotropy parameters. From ﬁgure 5.14 a), β2 =
1.6 and β4 = 1.04 is obtained, whereas from ﬁgure 5.14 b) β2 = 0.6 and β4 = 0.4 is
obtained due to the reduced spatial resolution of the spectrometer.
5.4.5 Simulated recoil ion distribution
Simulations of the measured ion distribution have been performed using SimIon. The
initial ion distribution is given by the spatial and temporal shape of the ionization
laser used in the experiment convoluted with the spatial atom distribution in the
MOT. The initial spatial ion distribution in y-and TOF -direction is given by the
square of a Gaussian distribution with σlaser = σy = σTOF = 20 µm since it is a
two-photon process and the ionization probability is thus given by the square of the
intensity distribution of the laser. In x-direction the ion distribution is given by
the square of the laser’s intensity distribution, I(x)2, convoluted with the spatial
distribution of the 3D MOT ρx and reads 5:
R(x) = ρx · I(x)2. (5.23)
The temporal shape of the initial distribution follows the temporal shape of the
laser pulse, which is a Gaussian pulse with FWHM of 10 ns. Furthermore, the ion
distribution obtained from a photoionization process has an angular distribution de-
scribed by Legendre polynomials and the diﬀerential cross section reads (see section
5.1.2 for more detail):
dσ(N)
dΩ
=
σtotal
4π
N∑
j=0
β2jP2j(cos(θ)). (5.24)
For the following simulations 1000 ions with an angular distribution following a
random Legendre distribution and with the anisotropy parameters obtained from the
experiment are used (β1 = 1.6 and β4 = 1). The corresponding angular distributions
are shown in ﬁgure 5.15.
5The density distribution of the MOT follows a Gaussian distribution, whereas I(x) = I01+(x/zR)2 .
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Figure 5.15: Polar plot of the initial angular ion distribution used for the simulations.
The polarization axis of the ionizing laser is set parallel to the time of flight axis (a).
Setting the polarization axis parallel to the y-axis of the spectrometer rotates the
recoil ion distribution by 90◦ (b).
The simulations are done using the same electric ﬁeld conﬁguration as have been
used in the experiment, i.e. the pusher plate is set to UP = 0.985 V, plate 11 is
forced on mass, plate 16, the focusing plate is set to UF = -0.39 V and the drift
tube is set to UD = -4.0149 V. This corresponds to a ratio UP/UF = 1.39. The data
obtained from the simulations are convoluted with the measured resolution of the
detector, i.e. σTOF = 0.04 µs and σx = σy = 0.47 mm.
The results of the simulations with the laser polarization along the time of ﬂight
axis are shown in ﬁgure 5.16. The recoil ions have, due to the momentum transferred
either along or opposite the time of ﬂight axis, a diﬀerence in time of light of ∆tof
= 200 ns (ﬁgure 5.16 a)), while they hit the detector in the same spatial spot (5.16
b),). The simulations thus agree well with the the experiment in which we measure
∆tof = 190 ns. Rotating the polarization axis of the laser such that it is parallel
to the y-axis of the spectrometer now leads to the same time of ﬂight of all recoil
ions (ﬁgure 5.17 a), while the initial momentum component in y-direction leads
to a diﬀerence in position of ∆y = 1.4 mm in this direction where the ions hit
the detector (see ﬁgure 5.17 b) and the Y -component is now proportional to the
transverse momentum component along the y-axis. In the experiment we measured
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Figure 5.16: Simulated ion distribution for polarization of the ionizating laser along the
time of flight axis convoluted with the resolution of the detector. Due to the mo-
mentum of the ejected electrons along the time of flight axis the recoil ions hit the
detector with a difference in time of flight of 200 ns.
312.5 312.6 312.7 312.8 312.9
0
10
20
30
40
50
t ime of fl ight @ΜsD
co
u
n
ts
(a) Time of flight distribution. (b) Detector image
Figure 5.17: Simulated ion distribution for polarization of the ionizating laser along the
y-axis of the spectrometer, convoluted with the resolution of the detector. Due to
the recoil ion momentum ions hit the detector at δY = 1.4 mm.
108
5.4. CHARACTERIZATION OF THE RECOIL ION MOMENTUM
SPECTROMETER
∆y = 0.8 ± 0.2 mm and is thus smaller than in the simulation. As compared to
the simulations of a spherical initial ion distribution, where the resolution of the
spectrometer have been neglected, the peaks in time of ﬂight and position are move
closer to each other due to the reduced resolution.
5.4.6 Ionizing from the excited state
Leaving the repumping and cooling laser of the 3D trap during the ionization mea-
surement on leads to two-photon ionization of atoms not only from the ground state,
but also from the excited state:
Rb(2P3/2) + 2hν → Rb+(1S0) + e− +∆Eexc . (5.25)
The ionization energy from the excited state is Eion = 2.58 eV so that at the wave-
length of λ = 532 nm two photons are necessary for ionization. This leads to an
excess energy of Eexc = 2.063 eV, imparting a momentum of 0.39 a.u. on the re-
coil ions. The corresponding time of ﬂight spectrum is shown in Fig. 5.18. The
spectrometer behaves linearly over this energy range. The ionization rate from the
excited state is lower than ionization from the ground state because only about 30%
of the atoms are in the excited state.
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Figure 5.18: Time of flight distribution for ionization from the ground as well as the
excited state. Ionization from the excited state results in a recoil of 0.39 a.u. and can
be detected in the TOF spectrum as separate peaks.
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5.5 Characterizing RIMS using the velocity
distribution of an atom beam
The velocity distribution in the atom beam generated by the 2D MOT can be used to
calibrate the spectrometer on a larger area than using the recoil ions from photoion-
ization6. Therefor the atoms from the atom beam are photoionized and the recoil
ions are used to detect the velocity distribution. Since the atom beam propagates
almost parallel to the y-axis of the spectrometer, the projection of the measured
recoil ion distribution on the y-axis of the spectrometer is, including corrections for
the angles of the atom beam with respect to the x- and y-axis of the spectrometer,
proportional to the velocity distribution. As we saw in section 5.4, the recoil ions
get a momentum of ptrans = 0.18 a.u. during the ionization process, which corre-
sponds to a velocity of vRb = 2.6 m/s. Typical longitudinal velocity spreads in our
atom beam generated from the 2D MOT are 3.5 m/s, such that the momentum of
the recoil ion originating from the photoionization process can be neglected in these
measurements and the measured transverse momentum component only originates
from the initial temperature of the target.
The detector image of the recoiling ions from atom beam is shown in ﬁgure 5.19
for two diﬀerent conﬁgurations of the 2D MOT, one for an atom beam originating
from the 2D MOT without an additional pushing beam (a) and one with a pushing
beam (b) 7. For comparison, the detector image for recoil ions photoionized from a
3D MOT are shown in ﬁgure 5.19 (c). Due to the low recoil momentum of the ions
originating from the 3D MOT, the y-position of the 3D MOT on the detector is used
to deﬁne the zero momentum position on the detector. The velocity distribution of
the atom beam is known from independent ﬂuorescence measurements performed in
[86]. These ﬂuorescence measurements are used for calibration of the spectrometer
in the range 0-35 m/s by assuming a linear dependence between the position of the
recoil ions hitting the detector and the velocity of the recoil ion. We optimize the
calibration such that best agreement of the RIMS measurement is obtained with
the ﬂuorescence measurement8. For the data set with pushing beam this leads to a
calibration factor of 6.6 1.24−0.7 m/s per mm on the detector. From the data without the
pushing beam we obtain a factor of 6.24 +0.8−0.8 m/s per mm. Both calibration factors
thus agree within the error bars and are shown, together with the calibration factor
obtained from the photoionization measurement (red data point) in ﬁgure 5.20. The
6The momentum transferred during photoionization corresponds to 2 × 0.1862 a.u. = 5.2 m/s
while the atom beam has velocity components up to 30 m/s.
7Including a pushing beam leads to lower longitudinal velocities and higher atomic flux in the
atom beam
8For the optimization the area under the curves is normalized to 1.
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Figure 5.19: Detector image of recoil ions originating from photoionization of atoms from
the atom beam. Due to the geometry of the setup, the Y -position of the recoil ions is
proportional to the longitudinal momentum component of the atom beam. Projection
of the spectrum on the y-axis thus leads to the velocity distribution in the atom beam.
In a) an atom beam generated in a 2D MOT without a pushing beam is used as a
target for the photoionization, in b) the 2D MOT is operated with pushing beam.
In c) photoionization from a 3D MOT is shown, which can be used to determine the
position corresponding to zero momentum on the detector.
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Figure 5.20: Calibration of RIMS using the velocity distribution of the atom beam, cor-
rected for the angle of the atom beam with respect to the y-axis of the spectrometer.
The calibration factors are obtained for the atom beam generated with (green) and
without the pushing beam (blue). They agree within the errors (see text). The cali-
bration of the detector obtained from the photoionization measurements is indicated
by the dot. Both calibration methods agree very well.
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Figure 5.21: Corrected velocity distribution of the atom beam. The solid lines correspond
to measurements where the momentum of the ions originating from the atom beam
has measured in photoionization measurements, the dashed lines to the fluorescence
measurements convoluted with the resolution of the spectrometer and corrected for
the angle of the atom beam with respect to the y-axis of the spectrometer. Using a
pushing beam leads to higher fluxes and smaller velocity distributions in the atom
beam.
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error bars for the photoionization measurement were obtained from comparison of
three separate measurements. Both calibration methods thus agree well and we can
deduce that the spectrometer is linear over a range of 5 mm.
Figure 5.21 shows the velocity distributions obtained from ﬂuorescence measure-
ments (solid lines), convoluted with the resolution of the spectrometer and corrected
for the angle of the atom beam with respect to the y-axis of the spectrometer together
with the velocity distribution obtained from the photoionization measurements and
calibrated as described above. The green line corresponds to the velocity distribu-
tion of the atom beam generated from a 2D MOT with a pushing beam, whereas the
blue line corresponds to the atom beam generated without an additional pushing
beam in the 2D MOT. The corresponding dashed lines are the velocity distributions
measured by ﬂuorescence using the time of ﬂight method.
Next to being an independent measurement on the calibration of the detector the
measurement also allows an independent measurement on the velocity distribution
of the atom beam. This distribution has so far has only been measured using time-
resolved ﬂuorescence measurements, where the lack of very slow atoms might have
been caused by a systematic error in the measurement. This might be due to pushing
the slow atoms out of the detection region due to radiation pressure from the probe
beam. The ionization measurement is a great tool to verify that no atoms close to
zero velocity are present in the atom beam.
5.5.1 Outlook: atom beam generated in a 2D MOT as a new
target?
The possibility to use the atom beam generated by the 2D MOT as a target itself
is discussed in this section. So far, RIMS has been used in conjunction with either
a supersonic gas jet or magneto-optically trapped atoms. For the ﬁrst time in this
thesis, we have the possibility to use an atom beam generated by a 2D MOT as a
target.
Supersonic gas jets are achieved by forcing a gas (which can be a noble gas or any
type of molecular gas) at high pressure (1-20 atm) through a small nozzle (10-100
µm) into vacuum, thereby accelerating the gas to supersonic speed at the expense
of internal motion, leading to eﬀective cooling. According to [3] the longitudinal
temperature spread in these beams is on the order of 0.1 a.u. for helium, scaling
with the mass of the gas atom ∆Pjet ∝
√
m, such that a momentum spread of ∆P <
0.5 a.u. is hard to achieve for heavier elements than argon. The transverse spread is,
depending on the element and experimental setup, on the order of 0.07 a.u. Typical
particle densities on the order of 1011 − 1012 cm−3 are achieved around 10 cm away
from the nozzle in gas jets.
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In our case we have an atom beam with rubidium, which is far heavier than any
element that can be cooled suﬃciently in a supersonic gas jet. In the atom beam a
momentum spread of 0.25 a.u. in the longitudinal direction and only 0.017 a.u. in
the transverse beam direction is achieved. At a distance of 40 cm from the exit hole
we measure a density of 1 × 107 cm−3. Reducing the distance between the exit hole
and the interaction volume also to 10 cm, which is not a conceptual problem, would
lead to densities on the order of 109 cm−3, two orders of magnitude smaller than in
supersonic gas targets.
Using a 2 dimensional magneto-optical trap to generate a cold atom beam thus
allows to extend the possible species used as a target for ion-atom or photon-atom
collisions without including the more elaborate setup needed for three-dimensional
magneto-optical trapping. Compared to atom beams generated by supersonic gas
jets, heavier atomic species are made available at the expense of the targets’ densi-
ties, while gaining in transversal target temperature. From the experimental side,
the vacuum setup for a 2D MOT only requires one ion-getter pump, while supersonic
gas jets require several pumping stages due to the large gas load.
5.6 Conclusion
In this section photoionization measurements have been used to characterize the
setup. In a ﬁrst experiment, we have shown that we can characterize density proﬁles
of the targets using photoionization and counting the ions, which is an alternative
method as compared to absorption imaging. Furthermore, using the technique of
photoionization the spatial information and density proﬁle of the atom beam were
measured. Of particular interest for further 2D MOT setup is the position of the
atom beam with respect to the 3D MOT. In our case the optimized loading rate
is obtained when the atom beam is positioned 4.5 mm aside of the 3D MOT. The
velocity distribution of the atom beam can also be characterized in photoionization
measurements when including time of ﬂight information of the recoil ions. The re-
sults are compared to the results obtained using state of the art techniques, based on
time-dependent ﬂuorescence measurements. All results obtained using independent
measuring techniques agree very well.
Using the spectrometer as a recoil ion momentum spectrometer, photoionization
experiments can be used to characterize the spectrometer. The characterization is
done by measuring the momentum of the recoil ion after photoionization as well as,
in order to extend the area of the spectrometer, by using the velocity distribution of
the atom beam. We obtain the same calibration factor from both methods and the
spectrometer behaves linearly over the measured range. With the current conﬁgura-
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tion of the spectrometer, we ﬁnd an upper limit on the resolution along the time of
ﬂight axis of 0.2 a.u. and 0.37 a.u. in spatial direction. From simulations we expect
a resolution of 0.05 a.u. in both directions. Due to the very low recoil momentum
of 0.18 a.u. from the photoionization process, the extraction ﬁeld is only 0.28 V/cm
and might limit the resolution due to electrical stray ﬁelds from the surrounding
chamber. In future experiments on ion-atom collisions the detected momenta and
thus the needed extraction ﬁelds are much larger, such that stray ﬁelds are not
expected to limit the resolution.
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Chapter 6
Conclusion and outlook
In collaboration with the group of R. Hoekstra at the KVI in Groningen, the Nether-
lands, we measured the energy dependence on double-charge transfer of charged
oxygen O6+ colliding with ground state sodium atoms (Na(3s)). The experimental
setup allowed to identify electron capture into diﬀerent states with principle quan-
tum number nn′, revealing two diﬀerent capture channels: One channel led to the
formation of asymmetric ﬁnal states 3ln′l′ with n′ ≥ 4. A second channel led to the
formation of the symmetric ﬁnal states 3s2 and 3l3l′. By changing the projectiles
velocity and thus the collision energy, the eﬀective interaction time of the collision
could be tuned and the dynamics during the charge transfer could be investigated.
In the range of vP = 0.58 a.u. down to vP = 0.39 a.u. a dramatic eﬀect on the rela-
tive population of the symmetric versus the asymmetric states could be observed: at
high velocities only about 20 % of the collisions led to the population of the symmet-
ric states, whereas at low velocities 80% of the collisions populated the symmetric
channels. This was a remarkable result since the electrons start from an asymmetric
conﬁguration in the target atom. The measured transverse momentum components
suggest diﬀerent transfer mechanisms for the two channels: asymmetric states are
populated in a two-step process while symmetric states are populated in a one step
process, involving a correlation between the electrons and is thus called correlated
double capture (CDC). The results on the energy dependence in ion-alkali collisions
were similar to the ones in helium-ion collisions, where, starting from an equiva-
lent electron conﬁguration, the production of nonequivalent electron conﬁgurations
became dominant at low collision energies due to electron-electron interactions [72].
In this thesis a transportable apparatus for investigation of multiple charge trans-
fer in ion-atom collisions at the HITRAP facility at the GSI Helmholtzzentrum für
Schwerionenforschung has been designed, assembled and characterized. A ﬁrst gen-
eration experiment, consisting of a magneto-optical trap loaded from background gas
equipped with an ion detector, has been upgraded. The upgraded and novel appa-
ratus combines two state of the art techniques in modern atomic physics: recoil ion
momentum spectroscopy (RIMS) with trapping of neutral atoms in magneto-optical
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traps with high density (dark spontaneous optical trap) and high loading ﬂux. With
this apparatus a high-density target with no background ions and high loading ﬂux
is made available for kinematically complete experiments involving fragmentation of
the target atoms through either photons, ions or electrons.
Atoms are loaded from a cold atom beam generated in a two-dimensional magneto-
optical trap (2D MOT) in a separate chamber and are subsequently pushed to-
wards the three-dimensional magneto-optical trap (3D MOT) through a small hole
of 800µm, which also serves as a diﬀerential pumping tube. No background ions
are thus present in the science chamber. From the 2D MOT we obtain a ﬂux of 3.5
× 109 atoms/s with a mean center of mass velocity in longitudinal direction of 14
m/s and a velocity spread of 3.5 m/s, corresponding to a momentum spread of 0.35
a.u.. In transverse direction the temperature is 200 µK. The atom beam can serve
as a target itself, with reduced density as compared to conventional gas jets used in
COLTRIMS.
The high density target can be either operated as a bright MOT or, if denser
targets are needed, in a dark SPOT conﬁguration. The 3D MOT can be loaded from
the 2D MOT with 2.9 × 108 atoms at a loading rate of 3 × 109atoms/s, or, during
operation of the target in dark SPOT conﬁguration, with 7.4×108 atoms at a reduced
loading rate of 1×109 atoms/s. This leads to typical densities of 2×1010 atoms/cm−3
and a temperature of 200 µK in the bright MOT and 2 × 1011 atoms/cm−3 at
a temperature of 170 µK in the high density target. The corresponding density
in the atom beam at the interaction region has been determined to be 1 × 107
atoms/cm−3. The characteristics of the three diﬀerent targets available in this setup
are summarized in table 6.1.
In ﬁrst experiments, the new recoil ion momentum spectrometer has been charac-
terized using non-resonant two-photon ionization of rubidium ground state atoms.
The very small recoil momentum of 0.18 a.u. provided a stringent test of the spec-
trometer, since it had been designed for detection of much larger recoil momenta of
several a.u. as expected in ion-atom collisions. From these measurements an upper
limit on the resolution of 0.18 a.u. in time of ﬂight and 0.3 a.u. in y-direction of
the spectrometer could be determined. Due to the very low extraction ﬁelds of 0.28
V/cm stray ﬁelds might have limited the resolution. Furthermore, from the simula-
tions, a better resolution is expected for changing the position of the focusing plate.
Experimental tests are currently under investigation.
The Heidelberg MOTRIMS setup is ready for implementation at the HITRAP
beamline at GSI. Prior to its implementation further improvements of the target are
planned. Magnetic ﬁeld compensation all along the spectrometer will be provided
by including a large cage with magnetic compensation coils around the experiment,
compensating for the magnetic stray ﬁelds at the beamline of the HITRAP facility.
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cold atom beam 3D MOT dark SPOT
density [atoms/cm−3] 1 × 107 a) 2.90× 1010 2× 1011
size (FWHM) [mm] 11.2a) 8.6 9.3
ﬂux/loading rate [atoms/s] 3.5 × 109 3.0 × 109 1 × 109
temperature [µK] 38 × 103 b) 200 170
mean velocity [m/s] 10-15 0 0
longitudinal velocity spread [m/s] 3.5 0.25 0.22
transversal velocity spread [m/s] 0.2 0.25 0.22
momentum spread [a.u.] 0.25c) 0.017 0.016
Table 6.1: Characteristics of the different targets in this work. The mean velocity corre-
sponds to the center of mass velocity.
a) At the interaction volume, 40 cm away from the exit hole.
b) Longitudinal temperature.
c) Given in longitudinal direction.
Furthermore, the ultracold atoms will be loaded into a crossed optical dipole trap
[115] following the setup in the Rydberg experiment in our group with the possibility
to cool to quantum degeneracy [116, 117]. A completely new target would thus be
made available. In crossed dipole traps trapping volumes down to 15 µm can be
achieved. The reduced trapping volume will increase the resolution of the recoil
ion momentum spectrometer (the current size of the MOT is 8-9 mm (FWHM)).
Another advantage is the strong increase in density, allowing for densities on the
order of 1013 cm−3, leading to a better signal to noise ratio for the investigation of
multiple charge transfer. Finally, expansion of the atomic cloud due to switching
times of the magnetic trapping ﬁeld will be avoided.
Before the ion collision experiments at the HITRAP beamline ion optics will be
implemented in the setup such that the ion beam can be focused down onto the
target. Furthermore a detector for the projectiles will be implemented, allowing
for coincidence detection of the projectiles with recoil ions. True double capture
can thus be diﬀerentiated from transfer excitation processes. In addition, with our
knowledge of the number of trapped atoms, full diﬀerential cross sections can be
determined.
A schematic of the Heidelberg MOTRIMS setup at GSI is depicted in ﬁgure
6.1. The ﬁrst system which will be investigated in collaboration with the GSI in
Darmstadt will be charge transfer in collision between argon Ar16+ and ground-state
rubidium atoms (Rb(5s)). The argon ions will be provided by an EBIT (SPARC-
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Figure 6.1: MOTRIMS setup at the HITRAP beamline. With courtesy of W. Quint.
EBIT) [118], which is attached to the HITRAP beamline. Using the classical over
the barrier model (CBM), estimates concerning the energy transfer, the recoil ion’s
transverse momentum and the cross sections can be made and are summarized in
table 6.2.
Due to the large diﬀerence in binding energy of the two outer electrons in rubidium
the capture radius for single charge transfer as compared to two or more electron
transfer is much larger. The Q-value increases with increasing number of captured
electrons up to -108 eV for capture of ﬁve electrons. Compared to the O6+ + Na(3s)
system the expected charge transfer in Ar16+ + Rb(5s) happens at larger internuclear
distances.
The probability of capture up to four electrons and the corresponding Q-value
Electron # 1 2 3 4 5
nl 5s 4p 4p 4p 4p
−Ei [eV] 4.18 27.29 39.02 52.20 68.44
QOtBi [eV] -6.96 -34.02 -60.4 -85.34 -108.4
Rini [a.u.] 58.62 13.2 11.75 10.42 9.1
Table 6.2: Binding energies before and after the transfer, Q-values and the capture radii
for the first five electrons in collisions of Ar16+ with Rb(5s) calculated using the OtB
model at a projectile energy of vP = 9 keV/amu. The binding energies are taken from
[106].
120
00.05
0.1
0.15
0.2
0.25
0.3
0.35
-120 -100 -80 -60 -40 -20 0
P
ro
b
a
b
li
ty
Q-value [eV]
nc = 1
nc = 2
nc = 3
nc = 4
Figure 6.2: CBM estimates for the probability and Q-value distribution of nC = 1,..,4
electron transfer for Ar16+ + Rb(5s) at a projectile velocity of vP = 0.6 a.u..
spectrum is shown in ﬁgure 6.2. With increasing number of electrons transferred
the probability decreases, whereas the total Q-value increases and the Q-value dis-
tribution widens. The corresponding momenta transferred to the recoil ion during
the collisions for transfer of up to four electrons is depicted in ﬁgure 6.3.
The classical over the barrier model can also be used to estimate the cross sections
for the diﬀerent channels using equation A.8. Based on the only experimental results
on double charge transfer we set fr = 0.5 [52]. The expected cross sections for
multiple charge transfer are two orders of magnitude smaller than for single charge
transfer. From the densities of the targets together with the ion ﬂux of J = 0.9 106
s−1 [119] the expected transfer rate can be estimated. The results are summarized
in table 6.3. Compared to the O6+ + Na(3s) system the cross section in Ar16+ +
Rb+ Rb2+ Rb3+ Rb4+ Rb5+
σ [10−15cm2] 138 1.6 1.3 1.1 0.5
RMOT [Hz] 45 0.5 0.4 0.35 0.15
Rdark [Hz] 100 1.2 0.9 0.8 0.35
Table 6.3: Total cross sections and rates for the transfer of one to five electrons in collisions
of Ar16+ on Rb(5s) calculated using the CBM model.
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Figure 6.3: CBM calculations estimating transverse momentum distributions in Ar16+ +
Rb(5s) for up to four electrons (nC). The more electrons are transferred the higher
the expected transverse momentum of the recoil ion.
Rb(5s) are two orders of magnitude larger, reﬂecting the higher charge state of the
projectile and the smaller binding energies of rubidium.
Appendix A
Electron capture within the classical
over the barrier model
A short summary of the classical over the barrier model is given. A collision is fully
described by the impact parameter b and the energy transferred among the collision
partners. The smaller the impact parameter, the larger the scattering angle of the
projectile, leading to larger transverse momentum of the target. The transferred
energy is expressed by the Q-value, also called the inelasticity of the collision. A
large Q-value translates in a large longitudinal momentum of the recoil ion. During
the collision of a highly charged ion with a neutral atom, either impact ionization
or charge transfer occurs. We want to focus on the process of charge transfer, in
particular double charge transfer. This process mainly occurs for projectile velocities
smaller than the orbital velocity of the target electrons, such that the interaction
time between the ion and the atom is long. During the collision the electron can
be shared between the projectile and the atom, forming a so-called quasimolecule.
Therefore the interaction cannot be treated quantum mechanically in a perturbative
picture. In case of more than one electron transfer, the correlation between the
electronic wavepackets also needs to be included. Therefore, a classical model, the
so-called classical over the barrier model, will be described in this chapter.
The classical over the barrier model (CBM) is a static model describing multiple
charged ion-atom collisions in the low velocity regime. In the eighties, it has been
developed to describe multiple electron capture. Up to date, for multiple charge
transfer it is still a challenge for theory to describe the collision quantum mechani-
cally.
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Figure A.1: Double charge transfer in ion-atom collision. The incoming projectile with
velocity vP interacts with the atoms, forming a quasi-molecule. After the interaction,
the projectile has a certain probability to capture one or more electrons, scattering
with a scattering angle θ, giving the recoil ion some recoil momentum.
A.1 Charge transfer in the classical over the barrier
model
In this section we will follow closely the derivation of Niehaus [16]. The CBM is
used to derive an expression for the Q-value and the transverse momentum. The
underlying mechanism described in this model the transfer of r electrons in a collision
between a q-fold projectile and a neutral target:
Aq+ + B→ A(q−r)+ + B(r+). (A.1)
For the case of two-electron capture the process is sketched in ﬁgure A.1.
A.1.1 Q-value in the CBM
In the collision two parts of the trajectory are distinguished: the ’way in’ and the
’way out’. The CBM is based on a ’molecular’ picture: during the collision the
target’s and ion’s Coulomb ﬁeld form a molecular state for the electron. Electron
transfer can take place at internuclear distances at which the height of the Coulomb
barrier is lower than the binding energy of the electrons which is called the capture
radius. During interaction, the binding energies of the target electrons experience a
Stark shift due to the Coulomb ﬁeld of the projectile, increasing the binding energy
of the i′s electron Eb,i to the energy
Ei = Eb,i − q/R, (A.2)
where R is the internuclear distance.
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Figure A.2: Single charge transfer in the picture of the CBM for the system
Rb(5s)+Ar16+. During way in the electron is bound to the target. At a internu-
clear distance of R = Rin, the electron moves in a quasi-molecule. At the way out,
the electron is caught to the projectile with a certain probability.
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The i′s electron is thus experiencing the potential of the approaching projectile,
added to its own potential
V ini (r) = −
q
|R− r| −
i
|r| , (A.3)
for 0 < r < R, and r is the coordinate of the i′th electron with respect to the parent
nucleus (see ﬁgure A.2). Thus the height of the Coulomb barrier is a function of the
internuclear distance and the capture radius Rini , i.e. the distance where the i
′th
electron can be transfered, is given by
Rini =
i+ 2
√
iq
−Ei . (A.4)
At this distance the electron moves in the joint potential of the projectile and the
target, so to say in a quasi-molecule.
The point at which the internuclear distance increases again is called the turning
point and is deﬁned by the impact parameter. After this, the internuclear distance
increases again and the electrons are bound in this quasi-molecule until the potential
barrier is again at the same energy height as the electrons binding energy. At this
point, there is a certain probability that the electron is transferred or that it stays
with the target. Due to the discrete nature of the binding energies, this process of
capture or recapture is sequential. In this case the screening of the ion’s charge q
depends on the number of electrons already captured on the way out and need to
be taken into account, such that the internuclear distance at which (re)capture of
the electron takes place, is given by
Routi = R
in
i
(√
q − ci +
√
i+ ci√
q +
√
i
)2
, (A.5)
where ci is the number of already captured electrons during the transfer of the i′th
electron. The binding energy at inﬁnite nuclear distance of the i′th electron being
captured by the projectile is given by
Efinalb,i = E
i
b −
q
Rinj
+
i+ ci
Routj
. (A.6)
The inelasticity of the process, i.e. the diﬀerence in biding energy, in the CBM
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approximation is thus given by
QOtB =
r∑
i=1
(
Efinali −Ei
)
=
r∑
i=1
(
− q
Rini
+
i+ ci
Routi
)
. (A.7)
The cross section for transfer of r electrons is proportional to the geometrical cross
sections Rinr and R
in
r+1:
σr = frπ[(R
in
r )
2 − (Rinr+1)2], (A.8)
where fr is the product of the probabilities for single electron transfer fi.
The model so far assumes that the electrons are transferred into one ﬁnal state in
the projectile. Due to the quantized nature of electronic states, this assumption is,
however, in general not fulﬁlled. A time-dependence has been added to the static
model by Niehaus [16] by including the Heisenberg uncertainty relation ∆E∆t ≃ 1,
leading to a population of energy levels distributed around Efinalb,i . Following the
uncertainty relation, the transfer is now made in a limited time interval, leading to
a uncertainty in the energy deﬁnition. The change in Coulomb potential height is
now given by
∆V =
dV
dt
∆t =
dV
dR
vrad∆t, (A.9)
with vrad being the radial velocity. With the assumption that the classical uncer-
tainty is equal to the minimum quantum-mechanical uncertainty, it follows
∆V =
√∣∣∣∣dVdR
∣∣∣∣ vrad. (A.10)
The ﬁnal energy width∆Q is the quadratic sum of the uncertainties of all transferred
electrons during the collision. Assuming a Gaussian distribution of Q around the
predicted QCMB with width ∆Q leads to a reaction window of width
W (Q) =
1
∆Q
√
π
exp
[
−
(
Q−QOtB
∆Q
)2]
, (A.11)
where ∆Q ∝ √vp, leading to an increasing width of the reaction window for increas-
ing collision energies.
A.1.2 Scattering angle in the CBM
Using CBM also estimates for scattering angles and transverse momenta can be
obtained by calculating the Coulomb repulsion along the projectile trajectory. The
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B
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x
y
Figure A.3: Scheme of the charge distribution of (projectile, target) along the projectile’s
trajectory in the case of the transfer of two electrons from the target B to the q-fold
charged projectile Aq+. R
in/out
i indicate the capture radii for the way-in and way-out,
respectively.
derivation of it has been done in [37, 17] and the results of these works are summa-
rized in the following. Starting from the Coulomb force between two point charges
q1 and q2 at distance R, the Coulomb force can be written as:
F =
q1q2
R2
eR (A.12)
where eR is the radial unit vector. The trajectory of the projectile propagating along
the x axis is characterized by its velocity vP and the impact parameter b (see Fig.
A.3). Considering the target at the origin, the force perpendicular to the projectile’s
trajectory is than given by:
Fy =
q1q2b
(x2 + b2)3/2
. (A.13)
Integration over time and assuming a stationary target than gives the transverse
momentum
ptrans =
∫ ∞
−∞
Fydt =
1
vp
∫ ∞
−∞
Fydx. (A.14)
This integration over time can also be written as an integration along the projec-
tile’s trajectory, giving the following expression for the recoil’s transverse momentum
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after transfer of r electrons, as a function of the impact parameter b:
ptrans(b) =
1
vpb

 r∑
i=1

q
√
1−
(
b
Rini
)2
+ r
√
1−
(
b
Routi
)2 + (q − r)r

 (A.15)
From ptrans = mpvpθ the projectiles scattering dependent cross section can than be
obtained. Using this classical model we make approximations for the inelasticity
and the transverse momentum distribution of the recoil ions emerging from charge
transfer in ion-atom collisions.
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Data correction
The data taken at the KVI in Groning cut some data in the time of ﬂight direction
due to a ﬁnite time window of the TDC of 2.2 µs. This direction is proportional to
the transverse momentum distribution and the time window corresponds to a total
momentum of 20 a.u. that can be recorded in the current conﬁguration of the spec-
trometer. Therefore channels which are populated through a mechanism leading to
a big transverse momentum are underestimated in the recorded data which needs
to be corrected for. The procedure of this correction is discribed in detail in the
following.
Due to the total loss of information on the data along the time of ﬂight axis, we need
to assume for the following procedure that the spectrometer is cylinrical symmetric
in transverse direction. First, the transverse momentum components (time of ﬂight
and y-axis) are separated into the two main channels that we have identiﬁed, popu-
lation into the symmetric and assymmetric states, by seperating the data in the x1
direction (proportional to the Q-value). We therefore cut the data in the Q value
and only consider the data for the population of the symmetric state, corresponding
to the data range from Q = -60 eV to Q = -31.1 eV Q value spectrum (see ﬁg. B.1).
This data is projected onto the y-axis, corresponding to the ptrans,y component (see
ﬁgure B.2 a)). To this data a Gaussian is ﬁtted1. Integration over the ﬁttet Gaus
gives the total number of counts (assuming that in y-direction no data is cut due
to the ﬁnite size of the detector). Assuming that the data is cylindrical symmet-
ric, the ﬁttet parameters are used to ﬁt the data obtained by projection onto the
time of ﬂight axis shown in ﬁgure B.3 a). From the time of ﬂight data the ptrans
intervall where data is recorded is determined, all ions arriving outside this time
window were lost. In order to estimate how many ions were lost and the Gaussian
function is integrated in this intervall (see ﬁg. B.3). This value is compared to the
1The proper distribution corresponds to a projection of the three dimensional momentum dis-
tribution folded with the resolution of the detector. Since the physical process underlying the
charge transfer and thus the distribution of the transverse momentum is not known, a Gaussian
fit to the momentum distribution is made. This leads to a large systematic error of .
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Figure B.1: Data taken for the correction are indicated by the shaded area and correspond
to channel populating the final symmetric state.
Gaussian integrated to inﬁnity which than gives the percentage of counts that were
not recorded in the experiment due to the ﬁnite size of the time window of the TDC.
Special care has to be taken of the background, in particular at low projectile ener-
gies, where the charge transfer rate is small, and the background is of comparable
size of the data. From datasets only measuring background, we estimate that the
background in the area of interest is linear when projected on the y-axis. In the
actual data an area neighbouring the actual area of interest (50 bins on the x axis),
having the same width as the cut for the symmetric states, is taken and the back-
ground is determined by ﬁtting a linear slope to this area (see ﬁgure B.2 b)). The
obtained ﬁt parameters are used to subtract the background from the y-projection
prior to ﬁtting the gaussian distribution to the wing of the projected distribution.
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Figure B.2: Data taken for the data correction. a) shows the projection of the y compo-
nent of the transverse momenutm and the gaussian fit. b) shows the data and linear
fit taken for background subtraction.
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Figure B.3: Data taken for the correction in the time of flight axis. a) shows the data
cut in time of flight at ± 10 a.u. due to the finite time window. The shaded area
in b) indicates the momentum recorded in the time window. The gaussian is used to
estimate the data which is lost (for further explanation see text).
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Appendix C
Photoionization with a high-power
LED
Prior to rebuilding the experiment as described in this thesis, photoionization mea-
surements using a high-power LED have been performed to show the potential of
using high-LEDs for calibration of detectors as an alternative to high-power lasers.
C.1 Introduction
The increasing availability of high power LEDs for many diﬀerent wavelengths allows
for a large number of applications in atomic and molecular physics. One applica-
tion of LEDs in combination with ultracold atoms is the fast and eﬃcient loading
of magneto-optical traps by means of light-induced atom desorption (LIAD) from
surfaces using ultraviolet light [120]. Cetina et al. have used an LED at 370 nm
to photoionize a large number of Yt atoms from a magneto-optical trap in order to
transfer the cold ions eﬃciently into surface electron traps [121]. In this article we
report on the use of a high-power LED in a pulsed mode of operation. Short light
pulses are used to photoionize atoms trapped in a magneto-optical trap, leading
to short ion pulses of very well-deﬁned momentum. These short ion pulses can be
used to calibrate time-of-ﬂight assemblies with high accuracy. Polarizing the light
emitted from the LED could be used for the calibration of position sensitive ion de-
tectors, since the electrons are preferably emitted along the polarization axis, giving
a momentum to the recoil ion in the opposite direction. Compared to high-power
pulsed lasers otherwise required for this purpose, the LED technique is a very cheap
and simple solution, still allowing for high-precision measurements.
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Figure C.1: Experimental setup for the ion detection.
C.2 Setup
The vacuum setup used for the demonstration of the pulsed LED ion source is
designed to detect recoil ions from collisions in a magneto-optical trap on a micro-
channel plate (MCP) followed by a position sensitive detector. The trap is therefore
placed inside a recoil-ion momentum spectrometer (Fig. C.1). In the experiment
85Rb atoms are conﬁned in a magneto-optical trap serving as a target for the light
pulses. The atoms are loaded from a background gas and are trapped in a retro-
reﬂected magneto-optical trap. The trapping beams have a diameter of 21.2mm
and a total power of 68.1mW.
The light pulses are produced by a blue high-power LED from CREE1 with model
number XREBLU-B5, where B5 indicates the chromaticity group of the diode, in
our case the wavelength range from 475 nm to 480 nm. The spectrum of the emitted
light, measured with a ﬁber spectrometer (Ocean Optics, model USB2000) is shown
in Fig. C.2. The LED can be operated either in cw mode using a regulated current
source, or in pulsed mode with short current pulses produced by the driver circuit
depicted in Fig. C.3. At the input of the pulse driver a low TTL pulse must be
applied. The inverting MOSFET driver SN75372 provides the gate voltage for the
switching power MOSFET IRFU3910. The additional Schottky diode D1 is needed
for damping voltage overshoots and ringing. The capacitor C1 provides the energy
for the light pulse. The resistor R1 is used to limit the current and to allow for a
measurement of the current with a diﬀerential probe. In this conﬁguration, about
2A of current ﬂow through the LED during the pulse. As the speciﬁed maximum
continuous operating current for this LED is 700mA, the pulse width and duty cycle
must be chosen carefully in order not to destroy the LED. The light emitted by
the diode is extremely divergent (θ = 120 ◦) and is therefore focused onto the atom
cloud using an aspheric lens with a diameter of 50mm and a focal length of 40mm.
Atoms which are in the 5P3/2 state can either be ionized by the LED or excited to
Rydberg states. The ions are ﬁrst accelerated towards the ion detector by an electric
1 http://www.cree.com
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Figure C.2: left: spectrum of the LED, the red line indicates the ionization threshold of
Rb. right: level scheme of 85Rb.
1/2 SN75372
IRFU3910
BAT42
+5V +15V
GND
GND
GND
GND
GND
GND
TTL in
0R1
100µ
100n 100n
CREE XR-E
+5V
IC1
EN
1A
1Y
100ns .. 1µs
VCC1 VCC2
Q1
D1
R1 C1
C2 C3
LED1
+
Figure C.3: Circuit diagram for the pulsed LED.
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ﬁeld of 3.3V/cm (Vpush = 50V ), followed by a ﬁeld-free drift region, and are then
detected by the micro-channel plate after a time of ﬂight of about 72.3µs. The ion
detector is gated for 3µs with a delay of 70.8 µs after the LED.
C.3 Results
C.3.1 Ionization rate
We monitor the ﬂuorescence signal of the magneto-optical trap with and without
the ionization light (Fig. C.4). The typical loading times without the LED are on
the order of 50 s. Once the MOT reaches a steady-state (losses due to collisions with
background ions and losses due to two-body losses between trapped excited state
atoms compensate the loading rate), we switch on the ionization light. Since the
ionization of the excited atoms due to the LED is of the same order of magnitude as
all other loss sources from the trap we see a clear decrease in the MOT ﬂuorescence.
We veriﬁed that only the excited atoms are ionized by measuring the ion rate on
the MCP, with and without the trapping lasers.
Following the reasoning in [114] we estimate that 25% of the trapped atoms are in
the excited state. Neglecting ionization of the background gas, we can estimate the
ionization rate for the spectrum of our LED from the rate equations for the MOT.
With a ﬁt of the rate equations (with and without LED) to the ﬂuorescence in the
steady-states we can deduce an ionization rate of Γion = 0.5 atoms/s, leading to
an averaged photoionization cross section of σ = 2.4 · 10−18 cm−3. Measurements
of ionization of the background show that we also ionize atoms which are in the
trapping volume, so that the dependence of the loading rate of the MOT as well
as collisions with background ions should be accounted for in the rate equations.
Second order diﬀerential equations could be ﬁtted to the ﬂuorescence curves taking
into account the time dependence of the background atoms on the LED power.
Loading the trap from e.g. a 2 dimensional magneto-optical trap, this rate could be
determined from the ﬂuorescence with our rate equations more accurately because
no background gas would be present.
C.3.2 Pulsed measurements
Assuming a constant photoionization cross section over the spectral width of the
ionizing light, the photoionization rate (per atom) can be expressed as
Rat =
IσPI
Eph
, (C.1)
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Figure C.4: Loading curve of the trap without LED, after t = 120 s the ionization light
is switched on Pcw=120mW, leading to a clear decrease in the fluorescence signal.
where I is the intensity of the light (power per area), σPI is the photoionization cross
section for Rb 5p, and Eph is the energy of the incoming photons. The total ion
production rate from a magneto-optical trap of radius r and density ρ is then given
by
RMOT =
4
3
πr3 ρRatf . (C.2)
For a typical magneto-optical trap with radius r = 400µm and density ρ = 109 cm−3,
we expect a rate of about 177Hz. The factor f includes the detector eﬃciency
(≈ 34%), the excited state fraction (≈ 25%) and the fraction of the LED above
the ionization threshold (≈ 50%). Here we used the photoionization cross section
σPI = 1.48× 10−17 cm−2 for Rb 5p as measured in [122]. In pulsed operation with a
repetition rate of 1 kHz and a pulse length of 1µs we observe a rate of about 145Hz,
which is in good agreement with our estimation.
Reducing the pulse length to 100 ns while increasing the repetition rate to 10 kHz
the ion rate decreases by about 20%. This is due to the ﬁnite rise and fall times
of the LED pulse (see Fig. C.5), eﬀectively decreasing the relative pulse area. If
the total number of atoms is calibrated using absorption imaging, one could use the
LED in pulsed mode operation to calibrate the ion detector eﬃciency.
C.4 Conclusion
We have demonstrated a low-cost source of ultracold ions using a high-power LED.
High-power LEDs are nowadays available in many diﬀerent wavelengths. The length
of the pulses is mainly limited by the capacitance of the LED. Without optimization
of the circuit for short pulses we have demonstrated a pulsed source of ions of 100 ns
length in time. This source can be used for calibrating time-of-ﬂight spectrometers,
where otherwise pulsed lasers are required. Polarizing the light from the LED, one
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Figure C.5: Measurement of LED in pulsed mode. For short pulses the flank plays an
important role, full power is only reached after 80 ns: Therefore, we detect less ions
than expected.
could also use this light for calibration of position sensitive detectors as used for
e.g. recoil-ion momentum spectrometers. Furthermore, we proposed the operation
of the LED in pulsed mode for the precise determination of the eﬃciency of ion
detectors.
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Atomic units
The atomic units system is based on
~ = me = e = 4πǫ0 = 1, (D.1)
~ being the Plancks constant devided by 2π, me and e are the electron mass and
the electron charge and ǫ0 is the permitting of free space.
In atomic physics it gives a system of neutral units, where all quantities are related
to the ones of an hydrogen atom.
quantity SI units non-SI units
length 5.2918 × 10−11 m 0.529 Å
mass 9.1094 × 10−31 kg 511keV/c2
charge 1.6022 × 10−16 C
time 2.4189 × 10−17 s
speed 2.1877 × 106 m/s
momentum 1.9929 × 10−24 kgm/s
energy 4.3593 × 10−18 J 27.2114 eV
angular momentum 1.0545887 × 10−34 Js
Table D.1: Overview of the most important physical quantities relating SI-values to
atomic units.
Throughout this work temperatures of atoms are related to center-of-mass veloc-
ities and momentum spreads in diﬀerent units. In table D.2 We want to give an
overview of the most important temperatures and the related velocities in m/s and
the momentum spreads in a.u..
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temperature momentum spread [a.u.] velocities
300 K 21 296
200 µK 0.017 0.25
170 µK 0.016 0.22
493 mK 0.85 12
38 mK 0.25 3.5
23 mK 0.18 2.6
Table D.2: Most important temperatures and the corresponding center-of-mass velocities
and momentum spreads.
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